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  page 

Cindy Lorena Acevedo (University of Valladolid, Spain) 

Coherent Manipulation of a Binary Atomic System with Gain 
Poster 315 

Antonio Acin (ICFO, Spain) 

Security proof of discrete-modulated continuous-variable quantum 

key distribution 

Invited 

Paralle 

Workshop 
98 

Maryam Afsary (University of Warsaw, Poland) 

Secure key rate improvement methods in DI-QKD protocols 

Oral Parallel 

Workshop 2 
162 

Andoni Agirre (DIPC, Spain) 

Learning QAOA landscapes: Monte Carlo Tree Search with Iterative 

Search-space Restriction for Parameter Optimization 

Poster 316 

Ramon Aguado (ICMM-CSIC, Spain) 

From Majorana to Andreev and back 
Tutorial 132 

Francisco Borja Aguirre Yagüe (FUNDACION CTC, Spain) 

Use of harmless NADES for modulating luminescent properties of N-

doped graphene quantum dots 

Poster 317 

Tanweer Ahmed (CIC Nanogune, Spain) 

Role of Lifshitz transitions and Berry curvature dipole on nonlinear Hall 

effect in low symmetry Bilayer graphene 

Oral Parallel 

Workshop 1 
150 

Digvijaysinh Ajarekar (Technical Institute of Deggendorf, Germany) 

From Classical via Hybrid to Quantum model: Quantum Machine 

Learning Applications for Fake Art Identification 

Poster 318 

Waseem Akbar (AGH University of Krakow, Poland) 

Topological superconductivity with mixed singlet-triplet symmetry in 

twisted bilayer WSe2 

Poster 319 

Sariah Al Saati (CPHT, École polytechnique, France) 

Quantum Hall and Light Responses in a 2D Topological Semimetal 
Poster 320 

Jesús Matías Alcaine Cuervo (UPV-EHU/BCMaterials, Spain) 

Symmetry-protected gates on superconducting circuits 
Poster 321 

Pedro Alcazar Guerrero (Institut Catala de Nanociencia i 

Nanotecnologia (ICN2), Spain) 

Disorder induced delocalization in magic-angle twisted bilayer 

graphene 

Poster 322 

Pedro Luis Alcázar Ruano (Universidad Complutense de Madrid, 

Spain) 

Polarization-tuneable excitonic spectral features of atomically thin 

ReS2 

Poster 323 

Pol Alsina Bolívar (UPV/EHU, Spain) 

J-coupling NMR Spectroscopy with Nitrogen Vacancy Centers at High 

Fields 

Poster 324 

Fabio Ansaloni (Quantum Machines, Denmark) 

Hermetic packaging for cryogenic experiments 
Oral IF 280 
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Baptiste Anselme Martin (Eviden (Quantum Lab), France) 

Combining Matrix Product States and Noisy Quantum Computers for 

Quantum Simulation 

Oral Parallel 

Workshop 2 
163 

Tommaso Antonelli (ETHZ, Switzerland) 

Hybridisation of Andreev bound states in a hybrid four terminal 

Josephson junction 

Poster 325 

Martin Hayhurst Appel (University of Cambridge, UK) 

A Spin Qubit Coupled to a Collective Nuclear Quantum Register 
Oral Plenary 136 

Gabriel Araneda (University of Oxford, UK) 

A network of trapped-ion quantum computers 
Oral Plenary 137 

Isidora Araya Day (TU Delft, The Netherlands) 

Chiral adiabatic transmission protected by Fermi surface topology 
Poster 326 

Jordi Arbiol (ICREA / ICN2, Spain) 

Quantum nanostructures at atomic scale: From vertical hybrid 

nanowires to planar nanowire networks and 2DEG/2DHG systems 

Invited 

Paralle 

Workshop 
97 

Ana Asenjo-Garcia (Columbia University in the city of New York, 

USA) 

Universal scaling laws for correlated decay of many-body quantum 

systems 

Invited 86 

Desislava Atanasova (Austrian Academy of Sciences, Austria) 

Novel 3D circuit QED architecture for quantum information processing 
Poster 327 

Mete Atature (University of Cambridge, UK) 

Shedding Light on Nuclear Spins: Through the looking-glass 
Invited 87 

Andrés Ayuela (CFM/DIPC, Spain) 

Interplay Between Topological and Defect States: Periodic One-

Dimensional Patterns in Bilayer Graphene 

Poster 328 

Yujeong Bae (Empa, Switzerland) 

Atomic-scale quantum sensing of electric and magnetic fields in a 

scanning tunneling microscope 

Poster 329 

Nilanthy Balakrishnan (Keele University, UK) 

Growth of Iron selenide layers via salt-assisted chemical vapour 

deposition 

Oral Parallel 

Workshop 3 
179 

Anthony Balchin (University of Surrey, UK) 

Passive Protection of Quantum Information in Mixed-Range Quantum 

Spin Chains 

Poster 330 

Timon Baltisberger (University of Basel, Switzerland) 

Fast optical-manipulation of a coherent hole-spin in an open 

microcavity 

Oral Parallel 

Students 
253 

Pantelis Bampoulis (University of Twente, The Netherlands) 

Topological Phase Transition from 1D Edge States to 0D End States in 

Germanene Nanoribbons 

Poster 332 

Abhishek Banerjee (Harvard University, USA) 

Superfluid stiffness of twisted graphene 
Oral Plenary 138 
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Sergio Barquero (University of Amsterdam, The Netherlands) 

Magnetism meets Topology: Electronic structure of the candidate FM-

TI Mn1+xSb2-xTe4 by ARPES 

Oral Parallel 

Workshop 7 
243 

Pablo Bastante (Universidad Autónoma de Madrid, Spain) 

Engineering Transport Orbitals in Single Molecule Junctions 
Poster 333 

Elisa Bäumer (IBM Research Zurich, Switzerland) 

Quantum Fourier Transform using Dynamic Circuits 

Oral Session 

Basque IBM 
301 

Adam Bednorz (University of Warsaw, Poland) 

Testing dimension by a null witness 
Poster 334 

Amilcar Bedoya Pinto (University of Valencia, Spain) 

Connecting Fermi-surface topology and spin-orbit torques in Weyl 

Semimetal/Ferromagnet Heterostructures 

Oral Parallel 

Workshop 7 
244 

Max Beer (RWTH Aachen University, Germany) 

Si/SiGe based quantum dot devices for memory and micron-scale 

connectivity with more than 200 gate electrodes 

Poster 335 

Andrés Bejarano (DIPC, Spain) 

Statistical properties of light emission in current-driven single-

molecule STM-junctions 

Oral Parallel 

Students 
254 

Nadia Belabas (CNRS - C2N, France) 

A frequency network through parallel processing of frequency-bin 

entangled photons from a 21 GHz SOI micro-resonator 

Oral IF 281 

Maria Benito (IMB-CNM, Spain) 

Towards reduced dielectric losses in superconducting quantum circuits 
Poster 336 

Alexandra Bernasconi (QphoX, The Netherlands) 

An integrated microwave-to-optics interface for scalable quantum 

computing 

Oral IF 282 

Audrey Bienfait (ENS Lyon, France) 

Implementing a quantum memory with a frequency and bandwidth-

tuneable superconducting resonator 

Invited 

Paralle 

Workshop 
99 

Sourav Biswas (DIPC, Spain) 

A study on the effect of ring exchange interaction in a two-leg Bose-

Hubbard ladder 

Poster 337 

Ainitze Biteri (EHU, Spain) 

Amplified Nanoscale Detection of Labelled Molecules via Surface 

Electrons on Diamond 

Poster 338 

Ivan A. Bocanegra-Garay (Universidad de Valladolid, Spain) 

Control of a qubit by means of a Classical field: The driven Jaynes-

Cummings model 

Poster 339 

Sorin Bolos (Transilvania Quantum, Romania) 

Vulnerabilities of the Reset Operation on Superconducting Qubits 
Oral IF 283 

Frédéric Bonell (Spintec, France) 

Epitaxial van der Waals heterostructures for magnetism and spin-

charge conversion 

Invited 

Paralle 

Workshop 
100 
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Juan Borge (Mondragon University, Spain) 

Error estimation in current noisy quantum computers 

Oral Session 

Basque IBM 
302 

Marc Botifoll (ICN2, Spain) 

Generalisation of a novel routine for band gap mapping at sub-

nanometric resolution 

Oral Parallel 

Students 
510 

Olivier Boulle (CEA, France) 

Manipulation of magnetic skyrmions for memory and logic applications 

Invited 

Paralle 

Workshop 
101 

Philippe Bouyer (University of Amsterdam/Quantum Delta NL, The 

Netherlands) 

From matter waves to quantum sensors 

Invited 88 

A. Mert Bozkurt (TU Delft, The Netherlands) 

Tailoring arbitrary energy-phase relationships using Josephson tunnel 

junctions 

Poster 340 

Benjamin Brock (Yale University, USA) 

Controlling a High-Q Cavity with a Kerr-cat Qubit 
Oral Plenary 139 

Vittorio Buccheri (Chalmers University of Technology, Sweden) 

Towards Andreev molecules in semiconducting nanowires 
Poster 341 

Daniel Bultrini (University of Heidelberg, Germany) 

Mixed quantum-classical dynamics for near term quantum computers 

Oral Parallel 

Workshop 2 
164 

Pino Caballero-Gil (University of La Laguna, Spain) 

Oblivious Transfer and Bit Commitment Based on Quantum 

Communication 

Oral Parallel 

Workshop 4 
195 

Marta Cagetti (ICFO, Spain) 

Quantum simulator based on electromechanically coupled carbon 

nanotube 

Oral Parallel 

Students 
256 

David Caldevilla-Asenjo (Materials Physics Center, Spain) 

Growth of AlOx tunnelling barriers via oxidation of Al in thermalized 

atomic oxygen atmosphere 

Poster 342 

John Campbell (Maynooth University, Ireland) 

Polarization Characterization of BBO and ppKTP SPDC-based 

Entanglement Light Sources 

Poster 343 

Luis Canonico (ICN2, Spain) 

Orbital origin of hidden spin textures in centrosymmetric PtSe2 

monolayer and their proximity applications 

Oral Parallel 

Workshop 1 
151 

Pierre Capiod (JUNIA-ISEN, France) 

Artificial quantum systems based on semi-conducting quantum dots 

chains: towards quantum simulations in a SSH chain. 

Oral Parallel 

Workshop 1 
152 

Giacomo Cappiello (Università di Firenze, Italy) 

Quantum AI for Alzheimer´s disease early screening 
Poster 344 

Mariano Caruso (Fidesol | UGR, Spain) 

Classical and Quantum devices to train Learning Models 
Poster 345 

David Casanova (DIPC, Spain) 

Physically motivated enhancements of variational quantum 

eigensolvers for quantum chemistry 

Oral Session 

Basque IBM 
303 
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Jorge Casanova (EHU/UPV, Spain) 

High-Field NMR with Solid-state Quantum Sensors 

Invited 

Paralle 

Workshop 
102 

Gianni Casonato (EUMETSAT, Germany) 

Pseudo-Qubit Modelling - Enabling Large Scale Application Simulations 
Oral IF 284 

Sara Catalano (Materials Physics Center, Spain) 

Tunnelling spectroscopy and Josephson coupling through EuS/Al 

interfaces. 

Oral Parallel 

Workshop 7 
245 

Robert Cernansky (Ulm University, Institute for Quantum Optics, 

Germany) 

Quantum sensing of RF fields with 10 Hz spectral resolution using NV 

centers in Silicon Carbide 

Poster 346 

Victor Champain (CEA, France) 

Parametric longitudinal coupling between a semiconductor charge 

qubit and a RF resonator 

Oral Parallel 

Workshop 4 
196 

Adam Chaou (Freie Universität Berlin, Germany) 

Disordered topological crystalline phases 
Poster 347 

Robert Chapman (ETH Zurich, Switzerland) 

Lithium niobate-on-insulator integrated photonics for linear optical 

quantum computing 

Oral Parallel 

Workshop 3 
180 

Yuanbo Chen (The University of Tokyo, Japan) 

Exploring indefinite causal order in the development of quantum 

batteries 

Poster 348 

Deung-Jang Choi (CFM-CSIC, UPV/EHU, Spain) 

Quantum Control at the Atomic Scale: From Ångstrom-Scale Qubit 

Platforms to Topological Superconductivity 

Invited 89 

Johan Christensen (IMDEA Materials, Spain) 

Topological sonic defects 

Oral Parallel 

Workshop 
- 

Carlo Ciaccia (University of Basel, Switzerland) 

Cos(2phi) Josephson Junction and Gate Controlled Josephson Diode in 

Proximitized InAs Supercurrent Interferometers* 

Poster 349 

Pasquale Cilibrizzi (Heriot-Watt University, UK) 

Ultra-narrow inhomogeneous spectral distribution of telecom-

wavelength vanadium centres in isotopically enriched silicon carbide 

Oral IF 285 

Ignacio Cirac (Max Planck Institute of Quantum Optics, Germany) 

Quantum Computing and Simulation in the NISQ era 
Plenary 77 

James S. Clarke (Intel, USA) 

Spin Qubits produced with a 300mm fabrication line: An update on 

Intel Si/SiGe devices 

Keynote IF 82 

Jesús Cobos Jiménez (Basque Country University, Spain) 

Noise-aware variational eigensolvers: A dissipative approach for lattice 

gauge theories 

Oral Parallel 

Workshop 5 
212 

Yonatan Cohen (Quantum Machines, Israel) 

Quantum advantage via Classical Control 
Invited IF 124 
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Malcolm Connolly (Imperial College London, UK) 

Nanomagnet-induced Synthetic Spin-Orbit Coupling in a 

Superconductor-Semiconductor Nanowire 

Oral Parallel 

Workshop 3 
181 

Ivo Cools (Chalmers, Sweden) 

Coplanar stripline resonators for superconductor-semiconductor 

hybrid devices 

Poster 350 

Davide Costa (QuTech, The Netherlands) 

Record carrier mobility in group IV semiconductor materials 

Oral Parallel 

Workshop 3 
182 

Pablo Cova Fariña (QuTech, The Netherlands) 

Observation of magnon dynamics in a quantum dot ladder 

Oral Parallel 

Workshop 7 
246 

Alessandro Crippa (NEST, CNR-Istituto Nanoscienze and Scuola 

Normale Superiore, Italy) 

A gate tunable transmon qubit in planar Ge 

Oral Plenary 140 

Davide Cugini (Università degli studi di Pavia, Italy) 

Exponential optimization of quantum state preparation via adiabatic 

thermalization 

Poster 351 

Aron W. Cummings (ICN2, Spain) 

Hot electron dynamics in graphene – a linear-scaling atomistic 

approach 

Poster 352 

Samuel D. Escribano (Weizmann Institute of Science, Israel) 

Poor’s man Majorana with superconducting phase control 

Oral Parallel 

Workshop 4 
197 

Jacopo D´Alberto (University of Milan, Italy) 

Simulating the Dynamics of Open Quantum Systems with Quantum 

Monte Carlo Methods 

Poster 353 

Onur Danaci (Leiden University, The Netherlands) 

Curriculum reinforcement learning for quantum architecture search 
Poster 354 

Julian Daser (Austrian Academy of Sciences, Austria) 

Control of Collective Dark States in Waveguide QED 
Poster 355 

Reza Dastbasteh (Tecnun, University of Navarra, Spain) 

Additive twisted codes: new distance bounds and infinite families of 

quantum codes 

Poster 356 

Alexandre Dauphin (PASQAL, France) 

Exploring quantum materials with a neutral atom processor 
Invited IF 125 

Antonio de Marti i Olius (Tecnun - University of Navarra, Spain) 

The closed-branch decoder for quantum LDPC codes 
Poster 357 

Maxim De Smet (QuTech, TU Delft, The Netherlands) 

High-fidelity spin shuttling in silicon quantum dots 

Oral Parallel 

Workshop 4 
198 

Christian Degen (ETH Zürich, Switzerland) 

Quantum Sensors in Diamond: Technology and Applications 

Invited 

Paralle 

Workshop 
103 

Pascal Degiovanni (CNRS - ENS Lyon, France) 

Single electron interferometric sensing of quantum electromagnetic 

noise 

Oral Plenary 141 
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Xavier del Arco Fargas (INMA, Spain) 

Theoretical study of GdW10 and GdW30 molecules energy transitions 

and experimental fitting. 

Poster 358 

Yelko del Castillo Hernández (International Iberian Nanotechnology 

Laboratory (INL), Portugal) 

Probing spin fractionalization with ESR-STM absolute magnetometry 

Oral Parallel 

Workshop 6 
229 

Javier del Pino (University of Konstanz, Germany) 

Dynamical Gauge Fields with Bosonic Codes in Nonlinear Resonators 

Oral Parallel 

Workshop 5 
213 

Carolina del Río Bueno (INMA (CSIC-UZ), Spain) 

Remote spin-spin interactions mediated by superconducting circuits 

for quantum applications. 

Oral Parallel 

Students 
256 

Dong-Ling Deng (Tsinghua University, China) 

Digital simulation of non-Abelian anyons with superconducting qubits 

Oral Parallel 

Workshop 5 
214 

Artem Denisov (ETH Zurich, Switzerland) 

Ultra-long relaxation of a Kramers qubit formed in a bilayer graphene 

quantum dot 

Oral Parallel 

Workshop 3 
183 

Nassim Derriche (The University of British Columbia, Canada) 

Non-uniform and anisotropic polarizability resulting in pronounced 

local repulsion minima in high-Tc superconductors 

Poster 359 

Elena Desdentado (Universidad de Castilla-La Mancha, Spain) 

Studying the relationship of the quantum software and the energy 

consumption and success ratio 

Poster 360 

Aprameyan Desikan (Indian Institute of Science Education and 

Research, Mohali, India) 

Using Entangled Generalized Coherent States for Photonic Quantum 

Metrology 

Poster 361 

Francesco Di Marcantonio (University of the Basque Country 

UPV/EHU, Spain) 

Quantum Many-Body phase diagram characterization using Fidelity-

based Kernels 

Oral Session 

Basque IBM 
304 

Rosa Diaz (Purdue University, USA) 

Understanding Inherent Structural Defects and Chemical Distribution 

at Topological Superconductor-Semiconductor Interfaces and 

Heterostructures Using Advance Electron Microscopy 

Oral Parallel 

Workshop 3 
184 

Enrique Diez (Universidad de Salamanca, Spain) 

Hydrodynamic electron flow in graphene 

Oral Parallel 

Workshop 1 
154 

Athanasios Dimoulas (NCSRD, Greece) 

MBE growth of 2D topological quantum materials 
Tutorial 133 

Olesia Dmytruk (CPHT, CNRS, Ecole polytechnique, Institut 

Polytechnique de Paris, France) 

Hybrid light-matter states in topological superconductors coupled to 

cavity photons 

Poster 362 
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Nikolai Drobotun (Delft Circuits B.V., The Netherlands) 

Flexible stripline I/O with embedded filtering: scalable signal delivery 

platform with proven qubit performance 

Oral IF 286 

Gábor Drótos (HUN-REN Institute for Nuclear Research, Hungary) 

Certifying a complex qubit Hilbert space in a prepare-and-measure 

scenario: how self-testing helps 

Poster 363 

Joseph Dufouleur (IFW Dresden, Germany) 

Non-Hermitian topology in multi-terminal devices: from fundamental 

to applications 

Invited 

Paralle 

Workshop 
104 

Debarghya Dutta (University of Basel, Switzerland) 

Investigating Phase Transitions in Van Der Waals Magnets using a 

Quantum Sensor 

Oral Parallel 

Workshop 6 
230 

Dzhavid Dzhavadzade (University of Stuttgart, Germany) 

Nuclear spin - photon entanglement on NV center for Quantum 

Repeater applications 

Poster 364 

Shayan Edalatmanesh (DIPC, Spain) 

Exotic electronic states in borylated graphene nanoribbons on a 

metallic substrate 

Poster 365 

Leonard Edens (nanoGUNE, Spain) 

Spin and charge control of topological end states in exchange biased 

chiral graphene nanoribbons 

Poster 366 

Gertjan Eenink (QuTech and Netherlands Organisation for Applied 

Scientific Research (TNO), The Netherlands) 

Scaling spin qubit devices: vertical interconnects through Al2O3 

Oral IF 287 

Dmitri Efetov (LMU, Germany) 

Thermodynamic measurements of the correlated states in Magic Angle 

Twisted Bilayer Graphene 

Invited 

Paralle 

Workshop 
- 

Jens Eisert (Freie Universität Berlin, Germany) 

Potential and limitations of near-term quantum computing 
Invited 90 

Simone Eizagirre Barker (University of Cambridge, UK) 

Optically detected electronic spin resonance of single emitters in 

hexagonal boron nitride under an angle-resolved magnetic field at 

room temperature 

Oral Parallel 

Workshop 6 
231 

Artur Ekert (University of Oxford/Centre for Quantum Technologies, 

NUS, UK/Singapore) 

The Age of Computation is yet to Come 

Keynote IF 84 

Josefine Enkner (ETH Zürich, Switzerland) 

In situ modification of the Quantum Hall effect with cavity vacuum 

fields 

Oral Parallel 

Students 
257 

Daniel Escanez-Exposito (University of La Laguna, Spain) 

QuantumSolver AI: A Quantum Artificial Intelligence Module 
Poster 367 

Rubén Esteban Llorente (Centro de Física de Materiales, Spain) 

Quantum computation of the dynamics of the Jaynes-Cummings 

Hamiltonian for nanophotonics 

Oral Session 

Basque IBM 
305 
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Josu Etxezarreta Martinez (Tecnun - University of Navarra, Spain) 

Projected Lindblad dynamics via Hamiltonian symmetries for Quantum 

Error Mitigation 

Oral Session 

Basque IBM 
306 

Nicolas Fabre (Telecom Paris, France) 

Time-frequency quantum metrology 

Oral Parallel 

Workshop 6 
232 

Benedikt Fauseweh (TU Dortmund University, Germany) 

Digital Quantum Simulation of Quantum Many-Body Dynamics on 

NISQ Devices 

Oral Parallel 

Workshop 4 
199 

Claudia Felser (Max Planck Institute for Chemical Physics of Solids, 

Germany) 

Chirality and Topology 

Plenary 78 

Francesca Ferlaino (University of Innsbruck & IQOQI, Austria) 

Beyond Proximity: Phenomena in Long-Range Interacting Quantum 

Gases 

Invited 91 

Sofia Ferreira Teixeira (CIC nanoGUNE, Spain) 

Unconventional charge transport nonreciprocity in the superconductor 

ZrTe3 

Poster 368 

Julian Ferreiro-Velez (Tecnalia-UPV/EHU, Spain) 

Shortcuts for Adiabatic and Variational Algorithms in Molecular 

Simulation 

Poster 369 

Ulderico Filippozzi (Kavli Institute of Nanoscience, The Netherlands) 

Enhanced Superconducting Fluctuations in Two- Dimensional Oxide 

Superconductor 

Poster 370 

Laurin Fischer (IBM Quantum, Switzerland) 

Dual frame optimization for informationally complete quantum 

measurements 

Oral Parallel 

Students 
258 

Thomas Frederiksen (DIPC, Spain) 

Crossed graphene nanoribbons for electron quantum optics and 

spintronics 

Poster 371 

Ryuji Fujita (University of Oxford, UK) 

Real-space evidence for 2D-XY ordering in a van der Waals 

ferromagnet 

Oral Parallel 

Workshop 7 
247 

Andreas Fyrillas (Quandela, France) 

High-Fidelity Quantum Information with Machine Learning-

Characterized SiN Photonic Circuits 

Oral IF 288 

Jay M. Gambetta (IBM, USA) 

Quantum Computing at the Utility Scale and Beyond 
Keynote IF 85 

Eider Garate (Fundación Tekniker, Spain) 

Variational Quantum Regression on NISQ Hardware with Error 

Mitigation 

Poster 372 

Irene García (UV, Spain) 

Generalized spin squeezing with limited measurements 
Poster 374 
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Marta Irene Garcia Cid (INDRA/Universidad Politecnica de Madrid, 

Spain) 

Experimental Realization of a Quantum Zero-Knowledge Proof 

Oral Parallel 

Students 
259 

Mikel Garcia de Andoin (Tecnalia-UPV/EHU, Spain) 

Extensions of Digital-Analog Quantum Computation 
Poster 375 

David García Pons (Instituto de Nanociencia y Materiales de Aragón 

(INMA), Spain) 

Experimental study of GdW10 and GdW30 molecular magnets 

Poster 376 

Maia García Vergniory (Max Planck for Chemical Physics of Solids - 

DIPC, Germany/Spain) 

Topological Quantum Chemistry 

Tutorial 134 

Oscar Gargiulo (Kiutra GmbH, Germany) 

Accelerating resonator spectroscopy using microwave pulses 
Oral IF 290 

Rebekka Garreis (Silicon Quantum Computing, UNSW, Australia) 

A quantum materials simulator based on Coulomb-confined quantum 

dots 

Oral Parallel 

Workshop 5 
215 

Jaime Garrido Aldea (Institut Catala de Nanociencia i Nanotecnologia 

(ICN2), Spain) 

Development of an automated workflow for well converged DFT 

calculations using SIESTA and the AIIDA infrastructure satisfying FAIR 

data principles 

Poster 377 

Jakub Garwola (University of Toronto, Canada) 

Spin impurity in interaction with multiple baths via non-commuting 

coupling operators: An analytic approach 

Poster 378 

Simone Gasparinetti (Chalmers University of Technology, Sweden) 

Universal control of a bosonic mode via drive-activated native cubic 

interaction 

Oral Parallel 

Workshop 5 
216 

Pascal Gehring (UCLouvain, Belgium) 

Large Anomalous Ettingshausen effect in a micron-sized magnetic 

Weyl semimetal on-chip cooler 

Oral Parallel 

Workshop 1 
155 

Gian Gentinetta (École polytechnique fédérale de Lausanne, 

Switzerland) 

Overhead-constrained circuit knitting for variational quantum 

dynamics 

Oral Parallel 

Students 
260 

Jemy Geordy (Macquarie University, Australia) 

Quantum Control of nano-diamond Nitrogen Vacancy spin ensembles 
Poster 379 

Manuel Gessner (Universidad de Valencia, Spain) 

Hierarchies of quantum metrology bounds beyond Cramér-Rao 

Oral Parallel 

Workshop 2 
165 

Arnob Kumar Ghosh (Uppsala University, Sweden) 

Investigation of dissipative Rashba nanowire 
Poster 380 

Madhura Ghosh Dastidar (Indian Institute of Technology Madras, 

India) 

Random number generation using single photon emitters embedded in 

nanopillars 

Poster 381 
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Philippe Goldner (Chimie ParisTech PSL, France) 

Rare Earth-Diamond Hybrid Structures for Optical Quantum 

Technologies 

Oral Parallel 

Workshop 3 
185 

Carmen Gomez Carbonell (Catalan Institute of Nanoscience and 

Nanotechnology (ICN2), Spain) 

Magnetic properties of MBE-grown MnSb2Te 

Oral Parallel 

Workshop 7 
248 

Miguel Fernando Gonzalez-Zalba (Quantum Motion, UK) 

Coherent control and large-scale characterisation of silicon quantum 

devices fabricated using 300-mm wafer processes 

Oral IF 291 

Rosa Gonzalo (Universitat de les Illes Balears, Spain) 

Heat and charge transport in interacting nanoconductors driven by 

time-modulated temperatures 

Poster 382 

Noah Goss (University of California, Berkeley, USA) 

Empowering Qudit Quantum Computing by Traversing the Dual 

Bosonic Ladder 

Oral Parallel 

Students 
261 

Jonas Grammel (Karlsruhe Institute of Technology, Germany) 

Telecom O-band quantum dots in an open access fiber-based 

microcavity 

Oral Parallel 

Students 
262 

Tobias Grass (DIPC, Spain) 

Cold atoms with flat bands – from synthetic bilayers to flat band 

Bose-Einstein condensates 

Oral Parallel 

Workshop 5 
217 

Piotr Grochowski (University of Innsbruck & IQOQI Innsbruck, 

Austria) 

Quantum control of continuous systems via nonharmonic potential 

modulation 

Oral Parallel 

Workshop 2 
166 

Stefanie Grotowski (Walter Schottky Institute Technichal University 

of Munich, Germany) 

Superconducting MoSi Thin Films for Single-Photon Detection 

Oral Parallel 

Students 
263 

Adolfo G. Grushin (Institut Néel / CNRS, France) 

Amorphous topological metals 

Invited 

Paralle 

Workshop 
105 

Sophie Gueron (Université Paris Saclay - LPS, France) 

Evidence of helical states in bismuth 

Invited 

Paralle 

Workshop 
106 

Valentin Guichard (C2N - CNRS, France) 

Controlling the generation of large cluster states with residual 

visibility measurements 

Oral Parallel 

Students 
264 

Sabhyata Gupta (Institut für Theoretische Physik, Leibniz University, 

Germany) 

Simulation of a Rohksar-Kivelson ladder on a NISQ device 

Poster 383 

Mohammad Hafezi (University of Maryland, USA) 

Strongly interacting bosonic physics in layered two-dimensional van 

der Waals materials 

Invited 92 
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Jabir Hakami (Jazan University, Saudi Arabia) 

Quantum Emitter-Mediated Robust Chirality in the Vicinity of 

Nanophotonic Waveguide 

Poster 384 

Christian Louis Hanotel Pinzón (MIEM HSE University, Russia) 

Toponomic Quantum Computation 
Poster 385 

Thorsten Hesjedal (University of Oxford, UK) 

Exploration of Topological Magnetic Objects at Interfaces using 

Resonant Elastic X-Ray Scattering 

Oral Parallel 

Workshop 7 
249 

Francesco Hoch (Sapienza University of Rome, Italy) 

Teleportation of a genuine single-rail vacuum/one-photon qubit 

generated via a quantum dot source 

Oral Parallel 

Workshop 6 
224 

Felix Hoffet (ICFO - The Institute of Photonic Science, Spain) 

Ultra-high indistinguishability of two dissimilar and independent cold-

atomic quantum nodes 

Oral Plenary 142 

Panyu Hou (IIIS, Tsinghua University, China) 

Non-destructive measurement of trapped-ion mechanical oscillators 
Poster 386 

Tzu-Kan Hsiao (National Tsing Hua University, Taiwan) 

Towards quantum simulation of spin wave modes in quantum dot 

arrays 

Oral Parallel 

Workshop 5 
218 

Mengyao Hu (Leiden University, The Netherlands) 

Optimizing Bell Inequalities via Tensor Network Contractions in 

Tropical Algebra 

Poster 387 

Jorge Huamani Correa (AGH University of Krakow, Poland) 

Theory of Superconducting Diode effect in Multiterminal Josephson 

junctions 

Oral Parallel 

Workshop 4 
200 

José Hugo Garcia (ICN2, Spain) 

Exploring Quantum Property-Data Correlations in Metal Organic 

Frameworks using Unsupervised Learning 

Poster 388 

Andreas K. Hüttel (University of Regensburg, Germany) 

Adiós flatland - Quantum transport in MoS2 nanotube and nanoribbon 

quantum dots 

Oral Parallel 

Workshop 3 
186 

Donika Imeri (Universität Hamburg, Germany) 

Photonically Connected Nuclear Spin Microprocessors 
Poster 389 

Matteo Ippoliti (The University of Texas at Austin, USA) 

Phases of quantum information on a noisy quantum processor 

Invited 

Paralle 

Workshop 
107 

Viktor Ivády (Eötvös Loránd University, Hungary) 

Electronic structure and decoherence of the VB center in hexagonal 

boron nitride for sensing in low dimensions 

Oral Parallel 

Workshop 6 
234 

Thies Jansen (University of Twente, The Netherlands) 

Induced supercurrent in the intrinsic magnetic topological insulator 

MnBi2Te4 

Poster 390 

Karl Jansen (Deutsches Elektronen-Synchrotron DESY, Germany) 

The Center for Quantum Technology and Applications: activities and 

use cases 

Invited 

Paralle 

Workshop 
108 
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Jayanth Jayakumar (University of Warsaw, Poland) 

Quantum-enhanced joint estimation of phase and phase diffusion 
Poster 391 

Sreehari Jayaram (3. Physikalisches Institut, Germany) 

Static and Dynamic Properties of a 2D Superconductor Investigated by 

NV Center SPM 

Poster 392 

Pau Jorba (Kiutra, Germany) 

ADR based sub-Kelvin cryostats for applied quantum technologies 
Invited IF 126 

Vidul Joshi (Yale University, USA) 

Quantum Zeno effect: preventing a photon from exiting a cavity. 

Oral Parallel 

Students 
265 

Vincent Jouanny (EPFL, Switzerland) 

High-kinetic inductance coupled cavity arrays for analog quantum 

simulation 

Oral Parallel 

Workshop 6 
235 

Adrian Juan-Delgado (Centro de Física de Materiales (CSIC-

UPV/EHU), Spain) 

Engineering Photon Sources With Interacting Quantum Emitters 

Oral Parallel 

Workshop 6 
236 

Tomas Jungwirth (Czech Academy of Sciences, Czech Republic) 

Altermagnets: An unconventional magnetic class 
Tutorial 135 

Valerii Kachin (University of Warsaw, Poland) 

Ultra-robust topologically protected edge states in quasi-1D systems 
Poster 393 

Yemliha Bilal Kalyoncu (Qblox BV, The Netherlands) 

Integrated and Scalable Quantum Control 
Invited IF 127 

Ioannis Karapatzakis (Karlsruhe Institute of Technology, Germany) 

Coherent control of Tin-Vacancy centers in diamond using 

superconducting waveguides at 50 mK 

Poster 394 

Paritosh Karnatak (University of Basel, Switzerland) 

Large tunable kinetic inductance in a twisted graphene superconductor 

Oral Parallel 

Workshop 1 
156 

Senthil Kumar Karuppannan (Institute of Materials Research and 

Engineering, A-Star, Singapore) 

Role of interface in quantum device 

Oral Parallel 

Workshop 3 
187 

Joris Kattemölle (University of Konstanz, Germany) 

Optimal quantum circuits for the quantum simulation of quantum 

matter 

Oral Parallel 

Workshop 5 
219 

Máté Kedves (Budapest University of Technology and Economics, 

Hungary) 

Self-heating effects and switching dynamics in graphene 

multiterminal Josephson junctions 

Poster 395 

Nathan Keenan (IBM Dublin, Ireland) 

Evidence of Kardar-Parisi-Zhang scaling on a digital quantum 

simulator 

Oral Session 

Basque IBM 
307 

Megan Kelly (University of Leeds, UK) 

Probing charge neutrality in InAs/GaSb coupled quantum wells 
Poster 396 

Sun-Woo Kim (University of Cambridge, UK) 

Two room-temperature superconductivity claims in 2023: Separating 

fact from fiction 

Poster 397 
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William Kirby (IBM Quantum, USA) 

Diagonalizing large many-body systems on a quantum processor using 

quantum Krylov 

Oral Session 

Basque IBM 
308 

Dennis Klaassen (University of Twente, The Netherlands) 

Quantum Spin Hall States and Topological Phase Transition in 

Germanene 

Poster 398 

Matyas Kocsis (Budapest University of Technology and Economics, 

Hungary) 

Nanosecond switching of gate controlled supercurrent in an Al/InAs 

nanowire 

Poster 399 

Xanda Kolesnikow (The University of Sydney, Australia) 

Gottesman-Kitaev-Preskill State Preparation Using Periodic Driving 

Oral Parallel 

Students 
266 

Nikola David Komericki (Fraunhofer Institute for Applied Solid State 

Physics (IAF), Germany) 

2K, 300mm Wafer Level Characterization of Josephson Junctions for 

Transmon Qubits 

Poster 400 

Artem Kononov (University of Basel, Switzerland) 

Coherent control of a few-channel hole type gatemon qubit 
Poster 401 

Viktor Könye (University of Amsterdam, The Netherlands) 

Non-Hermitian physics without gain or loss: the skin effect of 

reflected waves 

Oral Parallel 

Workshop 6 
237 

Kerim Köster (Karlsruhe Institute of Technology, Germany) 

A cavity-enhanced spin-photon interface for color centers in diamond 
Poster 402 

Angela Kou (University of Illinois Urbana-Champaign, USA) 

Driving the fluxonium qubit 
Invited 93 

Leo Kouwenhoven (Delft University of Technology, The Netherlands) 

Andreev and Majorana bound states in nanoscale devices 
Keynote 79 

Barbara Kraus (Technical University of Munich, Germany) 

Testing and verifying quantum computations and simulations 

Invited 

Paralle 

Workshop 
110 

Wenjun Kuang (National Innovation Institute of Defense Technology, 

China) 

Magnetization Signature of Topological Surface States in a 

Nonsymmorphic Superconductor 

Poster 403 

Carlos Kuchkovsky (qcentroid, Spain) 

Quantum Operations and Business Innovation: Leveraging 

Sustainability and Energy Efficiency for Accelerated Impact 

Oral IF 292 

Tobias Kuhn (University of Augsburg, Germany) 

Hybrid qubits in Kitaev chains 
Poster 404 

Dibyendu Kuiri (AGH University Krakow, Poland) 

Topological phase enhancement in planar Josephson junction in the 

long junction regime 

Poster 405 

Kuldeep Kuldeep (Aalto University, Finland)  

Quantum Phase transition in proximity induced superconducting 

Palladium/WTe2 junction 

Poster 406 
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Susmit Kumar (Justervesenet, Norway) 

Quantum anomalous Hall effect materials and devices for metrology: 

An EPM project 

Poster 407 

Adesh Kushwaha (The University of Sydney, Australia) 

Demonstrating Quantum Enhancement in Light-Harvesting Systems 
Poster 408 

Adria Labay Mora (IFISC, Spain) 

Associative Memories in the Quantum Regime 
Poster 409 

Petros Laccotripes (University of Cambridge, UK) 

Spin-photon entanglement from a telecom wavelength quantum-dot 
Poster 410 

Mateusz Lacki (Jagiellonian University, Poland) 

Ground states of one-dimensional dipolar lattice bosons at unit filling 
Poster 411 

Deep Lall (National Physical Laboratory, UK) 

Characterising frequency fluctuations in superconducting qubits 
Oral IF 293 

Alessandro Laneve (Sapienza University of Rome, Italy) 

Polarization-wavevector correlation in entangled photons from cavity-

embedded quantum dots 

Oral IF 294 

Axel Leblanc (CEA, France) 

Tunable charge-4e supercurrent in Ge-based JoFET 

Oral Parallel 

Students 
267 

Sebastian Leontica (University College London, UK) 

Entanglement growth from squeezing on the matrix product state 

manifold 

Poster 412 

Nico Leumer (DIPC, Spain) 

Spatially-resolved dissipation in a quantum wire with a coherent 

scatterer 

Poster 413 

Alfredo Levy Yeyati (Universidad Autónoma de Madrid, Spain) 

Photonic heat transport and the Schmid transition in Josephson 

junctions 

Oral Plenary 143 

Dylan Lewis (University College London, UK) 

Geodesic Algorithm for Unitary Gate Design with Time-Independent 

Hamiltonians 

Poster 414 

Weikang Li (Center for Quantum Information, IIIS, Tsinghua 

University, China) 

Exploring Quantum Learning Models on Superconducting Devices 

Poster 415 

Yu Liu (Niels Bohr Institute, University of Copenhagen, Denmark) 

Ferromagnetic hybrid nanostructure and its zero-field application 

Oral Parallel 

Workshop 7 
250 

Peter Lodahl (University of Copenhagen, Denmark) 

Deterministic single-photon hardware for scalable quantum-

information processing 

Invited 94 

Esperanza Lopez (Instituto de Fisica Teorica, Spain) 

Comparative study of quantum error correction strategies for the 

heavy-hexagonal lattice 

Oral Parallel 

Workshop 2 
167 

Nicolas Lorente (Materials Physics Center, Spain) 

Localisation, Thermalisation and Time Crystals: Quantum Simulations 

of Disorder 

Oral Session 

Basque IBM 
309 
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Yanan Lu (Tsinghua University, China) 

Observing Information Backflow from Controllable Non-Markovian 

Multi-channels in Diamond 

Poster 416 

Zhide Lu (Tsinghua University, China) 

Deep quantum neural networks equipped with the backpropagation 

algorithm 

Poster 417 

Fernando Luis (INMA, CSIC, Spain) 

Two-qubit [Dy2] molecules deposited into micro-SQUID 

susceptometers: in situ characterization of their spin response 

Poster 418 

Rouven Maier (Stuttgart University, Germany) 

ENDOR-Qdyne: A Nanoscale NMR Spectroscopy Protocol Applicable to 

High Magnetic Fields 

Poster 419 

Lucas Maisel Licerán (Utrecht University, The Netherlands) 

Wannier excitons in two-dimensional topological insulators with strong 

spin-orbit coupling 

Poster 420 

Shalini Maji (AGH University of Krakow, Poland) 

Detection of Majorana bound states by scanning gate microscopy 
Poster 421 

Daniel Margineda (CIC nanoGUNE, Spain) 

Gate-controlled metallic superconductors and superconducting diodes 

Oral Parallel 

Workshop 4 
201 

Manfred Mark (Universität Innsbruck - Institut für 

Experimentalphysik, Austria) 

Observation of vortices in dipolar quantum gases 

Oral Parallel 

Workshop 5 
220 

Vanio Markov (Wells Fargo, USA) 

Quantum Time Series Similarity Measures and Quantum Temporal 

Kernels 

Oral Parallel 

Workshop 2 
168 

Marie-Blandine Martin (CNRS-Thales, France) 

Towards a topology-based compact neuromorphic component 

Invited 

Paralle 

Workshop 
111 

Ana Martin Fernandez (UPV/EHU, Spain) 

Synchronised nuclear spin drive 
Poster 422 

Dunkan Martínez (Universidad Complutense de Madrid, Spain) 

Exposing Bound States in the Continuum in InSb nanowire networks 
Poster 423 

Iván Martínez Ibarburu (UAM, Spain) 

Unveiling the interlayer interaction in a 1H/1T TaS2 van der Waals 

heterostructure 

Oral Parallel 

Workshop 3 
188 

Sergio Martínez-Losa del Rincón (Universidad de Zaragoza, Spain) 

Enhancing MUMAX3 software for Magnon-Cavity Interactions 
Poster 424 

Rodrigo Martínez-Peña (DIPC, Spain) 

Quantum reservoir computing in finite dimensions 
Poster 425 

María José Martínez-Pérez (Instituto de Nanociencia y Materiales 

de Aragón, INMA, CSIC-University of Zaragoza, Spain) 

Integration of Magnons into Superconducting Circuits for Sensing 

Applications 

Oral Plenary 144 
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Jorge Martinez-Romeral (ICN2, Spain) 

Resilient Intraparticle Entanglement and its Manifestation in Spin 

Dynamics of Disordered Dirac Materials 

Poster 426 

Carolina Martinez Strasser (DIPC, Spain) 

Topological properties of a non- Hermitian quasi-1D chain with a flat band 
Poster 427 

Javier Mas Sole (Universidade de Santiago de Compostela, Spain) 

Hamiltonian Forging of a Thermofield Double 
Poster 428 

Stephanie Matern (Pitaevskii BEC Center, CNR-INO, Università di 

Trento, Italy) 

Quantum coherence-assisted sensing with parallel quantum dots 

Oral Parallel 

Workshop 6 
238 

Julia Mathe (TU Wien, Austria) 

Estimation of entanglement monotones in spin systems 

Oral Parallel 

Workshop 2 
169 

Francisco Jesús Matute-Cañadas (UAM, Spain) 

Quantum circuits with multiterminal Josephson-Andreev junctions 
Poster 429 

Yulia Maximenko (Colorado State Universtity, USA) 

Unconventional quantum phases and their visualization with atomic 

resolution 

Invited 95 

Adrià Medeiros Garay (C2N - Université Paris Saclay, France) 

Accessing the dynamics of a single spin with a polarization-dependent 

projective measurement 

Poster 430 

Joaquin Medina Dueñas (ICN2, Spain) 

Optimal Charge-to-Spin Conversion Tuned by Intraparticle 

Entanglement 

Oral Parallel 

Students 
268 

Phillip Mercebach (Universidad Autónoma de Madrid, Spain) 

Thermoelectric signatures of Bogoliubov Fermi Surface in 

superconducting 3D Topological Insulator Heterostructures 

Poster 431 

Antonio Mezzacapo (IBM, USA) 

Chemistry Beyond the Reach of Exact Solutions of the Schroedinger 

Equation on a Quantum-centric Supercomputer 

Oral Session 

Basque IBM 
310 

Aamir Mohammed Ali (Chalmers University of Technology, Sweden) 

Thermally driven quantum refrigerator autonomously resets 

superconducting qubit 

Oral Parallel 

Workshop 4 
202 

Pablo Moles (Universidad Complutense de Madrid, Spain) 

Impact of vacancies on the transport in twisted bilayer graphene 

quantum point contacts 

Oral Parallel 

Students 
269 

Morteza Moradi (University of Warsaw, Poland) 

Maximally Violation of Local Realism Using Optical Hybrid 

Entanglement 

Poster 432 

Gabriel Moraes Oliveira (Autonomous University of Madrid, Spain) 

Switching currents limited by the inverse proximity effect in a flux-

tunable superconductor 

Poster 433 

Mykhailo Moskalets (Instituto de Física Interdisciplinar y Sistemas 

Complejos IFISC (CSIC-UIB), Spain) 

Single-particle emission from the Andreev’s level 

Oral Parallel 

Workshop 4 
203 
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Enrique Munoz (Pontificia Universidad Catolica de Chile, Chile) 

Electromagnetic coupling and transport in a topological insulator–

graphene heterostructure 

Poster 435 

David Munoz Ramo (Quantinuum PLC, UK) 

Experimental realization of the cumulant expansion of the Lanczos 

Method for the calculation of Green’s functions 

Poster 436 

Mariamo Mussa Juane (CESGA, Spain) 

QAOA ansatz and differential evolution for quantum molecular 

comparison 

Poster 437 

Sona Najafi (IBM, USA) 

Measuring central charge from local measurments 

Oral Parallel 

Workshop 6 
239 

Gabriele Natale (ETH Zürich, Switzerland) 

Bragg-spectroscopy of a dissipation-induced instability in an atom-

cavity system 

Poster 438 

Samira Nik (European Innovation Council (EIC), Belgium) 

EIC Quantum Tech Portfolio and Activities 
Invited IF - 

Tahereh Niknejad (Qblox BV, The Netherlands) 

Qblox Quantum Control Stacks: Accelerating Experiments, Reducing 

Error, and Enabling Large-Scale Quantum Computing 

Oral Parallel 

Workshop 4 
204 

Anastasiia Nikolaeva (International Center for Quantum Optics & 

Quantum Technologies LLC, Russia) 

Quantum computing with qubits embedded in trapped-ion qudits 

Oral Parallel 

Workshop 4 
205 

Leo Noirot (CEA Grenoble, France) 

Limiting mechanisms for the lifetime and coherence of a hole-spin 

qubit strongly coupled to a cavity 

Poster 439 

Giovanni Oakes (Quantum Motion, UK) 

High-fidelity dispersive spin readout in a scalable unit cell of silicon 

quantum dots 

Oral Parallel 

Workshop 3 
189 

Teemu Ojanen (Tampere University, Finland) 

Avoiding exponential bottlenecks in measurement-induced 

entanglement phase transitions 

Oral Parallel 

Workshop 2 
170 

Javier Oliva (UNAV, Spain) 

Modelling Leakage with Perturbation Theory in Singlet-Triplet Spin 

Qubits 

Poster 440 

Mehmet Cengiz Onbasli (Koc University, Turkey) 

Topologically protected spin chirality beyond room temperature 

Oral Parallel 

Workshop 7 
251 

Izaskun Oregui Bravo (TECNALIA, Spain) 

Quantum for Logistics: solving real-world bin packing and package 

delivery routing problems using quantum annealers 

Oral IF 295 

Dmytro Oriekhov (Kavli Institute of Nanoscience, TU Delft, The 

Netherlands) 

Compressing neural networks by SVD in topological phase 

classification problem 

Poster 441 
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Roman Orus (Multiverse Computing & DIPC, Spain) 

News on Variational Quantum Machine Learning 

Oral Session 

Basque IBM 
311 

Roman Orus (Multiverse Computing & DIPC, Spain) 

Multiverse Computing: Quantum and Quantum-Inspired AI and Beyond 
Invited IF 128 

Javier Osca (University of the Balearic Islands, Spain) 

Stochastic Optical Quantum Circuit Simulator: model, design and 

implementation 

Oral Parallel 

Workshop 2 
171 

Ana Palacios de Luis (Qilimanjaro Quantum Tech, Spain) 

Addressing the scalability of quantum annealing of classical problems 
Poster 442 

Siddhartha Patra (Donostia International Physics Center, Spain) 

Efficient tensor network simulation of IBM’s largest quantum 

processors 

Poster 443 

Ruben Pellicer-Guridi (Materials Physics Center, Spain) 

Study of spectral spread in nitrogen vacancy centers in diamond for 

coherent spin control of electron and nitrogen nuclei ensembles 

Poster 444 

Bo Peng (University of Cambridge, UK) 

Photo-induced electronic and spin topological phase transitions in 

monolayer single-element ferroelectrics 

Oral Parallel 

Workshop 7 
252 

David Perconte (Neel institute/ CNRS, France) 

Evidence for chiral supercurrent in quantum Hall Josephson junctions 
Oral Plenary 145 

Jorge Perez-Bailon (INMA, Spain) 

YBCO SQUIDs for High-Frequency Magnetic Particle Characterization 
Poster 445 

Jordi Pérez-Guijarro (Universitat Politécnica de Catalunya, Spain) 

On classical advice, sampling advise and complexity assumptions for 

learning separations 

Poster 447 

Simon Pettersson Fors (Chalmers University of Technology, Sweden) 

Control strategies for static ZZ coupling in flux-tunable transmon 

coupler systems 

Poster 448 

Fabio Pezzoli (University of Milano-Bicocca, Italy) 

Emergent quantum spin Hall phase in GeSn heterostructures on silicon 
Poster 449 

Frederik Pfeiffer (Technical University of Munich & Walther-

Meißner-Institut, Germany) 

Efficient decoupling of a non-linear qubit mode from its environment 

Oral Parallel 

Students 
270 

Daniel Michel Pino González (ICMM-CSIC, Spain) 

Minimal Kitaev-transmon qubit based on double quantum dots 

Oral Parallel 

Students 
271 

Ivan Pinto Huguet (ICN2, Spain) 

Automatic detection of vacancies in WS2 for Quantum Materials 

studies using HAADF-STEM Imaging 

Oral Parallel 

Workshop 3 
190 

Carlos Pobes Aranda (INMA, Spain) 

Mo/Au TESs for Quantum Technologies 
Poster 450 

Nicola Poccia (IFW Dresden & University of Naples Federico II, 

Germany/Italy) 

Cuprate Twistronics for a New Generation of Macroscopic Quantum 

Hardwares 

Invited 

Paralle 

Workshop 
113 
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Claudia Politi (ETH Zürich, Switzerland) 

Towards circular Rydberg qubits of calcium atoms 
Poster 451 

Borislav Polovnikov (LMU, Germany) 

Implementation of the Bilayer Hubbard Model in a Moiré 

Heterostructure 

Oral Parallel 

Workshop 1 
157 

Mathias Pont (Quandela, France) 

A versatile single-photon-based quantum computing platform 
Oral IF 296 

Albert Pool (DLR, Germany) 

Nonlinear dynamics as a ground-state problem on a quantum 

computer 

Poster 452 

Sunny Pradhan (University of the Basque Country, Spain) 

Discrete Abelian lattice gauge theories on a ladder and their dualities 

with quantum clock models 

Poster 453 

Lucien Québaud (Austrian Academy of Sciences, Austria) 

A Superconducting Platform for Quantum Information Processing 
Poster 454 

Yannic Rath (National Physical Laboratory, UK) 

Integrating tensor networks with quantum computing for simulations 

of strongly correlated materials 

Oral Parallel 

Workshop 4 
206 

Giacomo Rebora (École Normale Supérieure de Lyon, France) 

Tunable Edge Magnetoplasmon Resonator 

Oral Parallel 

Workshop 1 
158 

Maximilian Reichert (University of the Basque Country, Spain) 

Heisenberg-Limited Quantum Lidar for Joint Range and Velocity 

Estimation 

Poster 455 

Hannu Reittu (VTT Technical Research Centre of Finland, Finland) 

Approximate quantum adiabatic Hamiltonian simulation on quantum 

computers 

Poster 456 

Jeremias Resch (Karlsruhe Institute of Technology, Germany) 

Magneto-optical properties of Fourier-limited Tin-Vacancy centers in 

diamond 

Poster 457 

Brendan Rhyno (University of Illinois at Urbana-Champaign, USA) 

Exploring noisy quantum Kibble-Zurek physics with superconducting 

transmon qubits 

Oral Parallel 

Workshop 4 
207 

Hannes Riechert (Ecole Polytechnique, France) 

Coherent control of a carbon nanotube-based gatemon qubit 
Poster 458 

Claudius Riek (Zurich Instruments, Switzerland) 

Enabling Quantum Technology - from individual devices to 100s of 

qubits 

Invited IF - 

Arnau Riera (Qilimanjaro Quantum Tech, Spain) 

Variational diabatic annealing schedules with Landau-Zener-

Stückelberg interference 

Oral IF 297 

Antonio Lucas Rigotti Manesco (Delft University of Technology, The 

Netherlands) 

Fermionic quantum computation with Cooper pair splitters 

Poster 459 
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Marina Ristol Roura (Instituto Ibermática de Innovación (i3B), Spain) 

Simulating battery properties using IBM quantum processors 
Poster 460 

Emil Rizvanov (Comenius University in Bratislava, Slovakia) 

Design and numerical simulation of Josephson traveling-wave 

parametric amplifier using new circuit simulator 

Poster 461 

Niall Robertson (IBM Quantum, Ireland) 

Approximate Quantum Compiling for Quantum Simulation: A Tensor 

network based approach 

Oral Session 

Basque IBM 
312 

Germán Rodrigo (IFIC UV-CSIC, Spain) 

Quantum algorithms in collider particle physics 

Oral Parallel 

Workshop 2 
172 

Constantino Rodríguez (CESGA, Spain) 

Algorithmic method to decompose unitary operators in local terms. 
Poster 462 

Ilan Rosen (MIT, USA) 

Generating highly entangled states and synthetic gauge fields on a 

superconducting processor 

Oral Plenary 146 

David Rower (MIT, USA) 

Circularly Polarized Driving and Commensurate Pulses for Fast Single-

Qubit Gates with Fluxonium 

Oral Parallel 

Students 
272 

Aron Rozgonyi (HUN-REN Wigner RCP, Hungary) 

Training iterated protocols for distillation of GHZ states with 

variational quantum algorithms 

Poster 463 

Marcos Rubín Osanz (Instituto de Nanociencia y Materiales de 

Aragón (CSIC - Universidad de Zaragoza), Spain) 

Dispersive readout of molecular spin qubits 

Oral Parallel 

Students 
263 

Carmen Rubio Verdú (ICFO, Spain) 

Universal moiré nematic phase in twisted graphene 

Invited 

Paralle 

Workshop 
114 

Roberto Ruiz (Instituto de Física Teórica, Spain) 

The Bethe Ansatz as a Quantum Circuit 
Poster 464 

Sungguen Ryu (IFISC, Spain) 

Unraveling Timing Noise-Induced Decoherence in Single-Electron 

Sources 

Poster 465 

Francesc Sabater (University of Barcelona, Spain) 

The Fermionic Tonks-Girardeau gas: composite boson formation and a 

novel formulation of the ground state wave function 

Poster 466 

Jaime Saez-Mollejo (ISTA, Austria) 

Microwave-driven two-hole spin qubits 

Oral Parallel 

Students 
274 

Palash Saha (AGH University of Krakow, Poland) 

Mean Field Theory Investigation of Spin Magnetizations in 

MoTe₂/WSe₂ Systems 

Poster 467 

Anurag Saha Roy (Qruise, Germany) 

Improving flux-based gates in superconducting QPUs through model 

learning of qubit and control stack parameters 

Invited IF 129 

Alexia Salavrakos (Quandela, France) 

SPOQC: a Spin-Optical Quantum Computing architecture 
Oral IF 298 
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Nitin Samarth (Penn State University, USA) 

Epitaxially engineered quantum materials for quantum technologies: 

interfacing topology, magnetism, and superconductivity 

Invited 

Paralle 

Workshop 
115 

William Samuelson (Lund University, Sweden) 

Minimal quantum dot based Kitaev chain with only local 

superconducting proximity effect 

Poster 468 

Julio Sánchez-Cánovas (University of Valladolid, Spain) 

Electric Dipole Forces on a Binary System of Atoms 
Poster 469 

Olatz Sanz (UNAV, Spain) 

Integration of maximum likelihood estimation for reducing the 

variance of ZNE 

Poster 470 

Mikel Sanz (NQUIRE Center - UPV/EHU, Spain) 

Training embedding quantum kernels with quantum neural networks 

Invited 

Paralle 

Workshop 
116 

Ignacio Sardinero (Autonomous University of Madrid, Spain) 

Current-Phase relation in Fibonacci Josephson Junctions 
Poster 471 

Jonas Schuff (University of Oxford, UK) 

Fully autonomous tuning of a spin qubit 
Poster 472 

Tobias Schulli (The European Synchrotron ESRF, France) 

Strain control, imaging and tuning developed for SiGe qubit devices 

Oral Parallel 

Workshop 3 
191 

Hans Werner Schumacher (Physikalisch-Technische Bundesanstalt, 

Germany) 

Optimized semiconductor single electron pumps for metrology and 

quantum technology 

Oral IF 299 

Kilian Seibold (University of Konstanz, Germany) 

Quantum dynamics of Dissipative Kerr solitons 

Oral Parallel 

Workshop 6 
240 

Raphael Seidel (Fraunhofer Institute For Open Communication 

Systems, Germany) 

Quantum Backtracking in Qrisp applied to Sudoku Problems 

Oral Parallel 

Workshop 2 
173 

Rubén Seoane Souto (Spanish Research Council (CSIC), Spain) 

Fermion-parity qubit in a double quantum dot 
Poster 473 

Llorenç Serra (Universitat de les Illes Balears, Spain) 

Quantum‐anomalous‐Hall current patterns and interference in thin 
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Abstract  

 

Advancements in quantum computing have 

enabled the development of small-scale 

quantum computers and simulators that 

adhere to the principles of quantum physics. 

Despite its rapid progress, those devices are 

not yet flawless and errors accumulate, 

posing serious challenges to their application 

to interesting problems. In this talk I will first 

address how those errors affect the results of 

both quantum computations and the 

simulation of quantum many-body systems. 

In particular, I will present several quantum 

simulation algorithms, and discuss the 

potentiality of displaying quantum 

advantage in the presence of imperfections. 

Finally, I will describe some new ingredients of 

such algorithms, like the preparation of highly 

entangled states, and discuss how they can 

be sped up with the help of measurements. 
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Chirality is a very active field of research in 

organic chemistry, closely linked to the 

concept of symmetry. Topology, a well-

established concept in mathematics, has 

nowadays become essential to describe 

condensed matter [1,2]. At its core are chiral 

electron states on the bulk, surfaces and 

edges of the condensed matter systems, in 

which spin and momentum of the electrons 

are locked parallel or anti-parallel to each 

other. Magnetic and non-magnetic Weyl 

semimetals, for example, exhibit chiral bulk 

states that have enabled the realization of 

predictions from high energy and 

astrophysics involving the chiral quantum 

number, such as the chiral anomaly, the 

mixed axial-gravitational anomaly and 

axions [3-5].  Chiral topological crystals 

exhibit excellent chiral surface states [6,7] 

and different orbital angular momentum for 

the enantiomers, which can be 

advantageous in catalysis. The potential for 

connecting chirality as a quantum number 

to other chiral phenomena across different 

areas of science, including the asymmetry 

of matter and antimatter and the 

homochirality of life, brings topological 

materials to the fore [8]. 
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Over the past decade we have studied 

Majorana bound states in hybrid devices of 

superconducting and semiconducting 

materials. Due to finite-size effects, 

unavoidable residual disorder and 

inhomogeneities in our devices, Majorana 

bound states with topological protection 

have not been observed. Instead of these 

studies in long hybrid nanowires, we have 

adopted a new bottom-up approach by 

building a Kitaev chain starting from a 

minimal cell. The minimal cell consists of two 

spin-polarized quantum dots coupled via a 

short, grounded superconductor. This 

coupling provides both single-electron 

tunneling between the quantum dots as well 

as a Cooperpair coupling via crossed 

Andreev reflection. We discuss how sweet 

spots can be found where Majorana states 

arise on the dots. This minimal cell is too short 

to develop a topological gap such that 

these Majorana states are only partially 

protection, hence these states have been 

dubbed ‘poor man’s Majorana’s’. Ongoing 

work is on longer chains that are predicted to 

have more and more protection against 

local noise.. 

 

 

 

References 

 

[1] Relevant reference: Dvir, Wang..., 

Kouwenhoven, Realization of a 

minimal Kitaev chain in coupled 

quantum dots. Nature 614(7948), 445–

450 (2023)  

79



 

QUANTUMatter2024 
 

Atomic Electronics – building qubits in silicon with 

atomic precision 
 

Michelle Y. Simmons 
 

Silicon Quantum Computing, Sydney, Australia 

 

michelle.simmons@unsw.edu.au 

 

 

 

The realisation of a large-scale error 

corrected quantum computer relies on our 

ability to reproducibly manufacture qubits 

that are fast, highly coherent, controllable 

and stable. The promise of achieving this 

requires a highly manufacturable platform, 

such as silicon and a deep understanding of 

the materials issues at the atomic scale that 

impact device operation. In this talk I will 

describe our progress to engineer every 

aspect of device behaviour in atomic qubits 

in silicon. This will cover the use of atomic 

precision lithography to achieve fast, 

controllable exchange coupling [1], fast, 

high fidelity qubit initialisation and read-out 

[2]; low noise all epitaxial gates allowing for 

highly stable qubits [3]; and qubit control [4] 

that provide a deep understanding of the 

impact of the solid-state environment [5] on 

qubit designs and operation. I will also discuss 

our latest results in analogue quantum 

simulation [6]. 
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Abstract  

 

Major scientific discoveries are often 

enabled by new measurement capabilities 

that provide novel perspectives into 

complex physical problems. Recent 

advances and discoveries made on 

quantum materials have challenged 

experimentalists to come up with new ways 

to probe their intrinsic properties. In this talk I 

will review some of the recent work we have 

done to develop a variety of local quantum 

sensing techniques and discuss how they 

can assist us in exploring quantum matter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

81



 

QUANTUMatter2024 
 

Spin Qubits produced with a 300mm fabrication line: 

An update on Intel Si/SiGe devices 
 

James S. Clarke  
 

Intel Corporation, 2501 NE 229th Ave, Hillsboro, 

OR 97124 

 

James.s.clarke@intel.com 

 

 

 

Abstract 

Quantum computing holds the possibility of 

de-livering exponentially more computing 

power for some applications than today’s 

largest supercom-puters.  While many 

different qubit technologies exist, only spin 

qubits map to a fab transistor process.   In this 

presentation, we present an update on the 

progress of Si/SiGe Qubits fabricated using 

the standard tools of Intel’s latest technology 

node. 

 

Introduction 

 

The qubit is the fundamental device of a 

quantum computer.   It is the equivalent to 

the transistor in CMOS logic devices.    And 

while it took the semicon-ductor industry 42 

years from the first transistor to the first 1M 

transistor microprocessor, the quantum 

commu-nity hopes to reach this milestone 

much faster.   But there are no less than 10 

qubit types and most require new materials 

and new inventions to realize even a few 

qubits.  Of these qubit types, only spin qubits 

in silicon are similar to transistors and are 

compatible with the infrastructure of 

advanced CMOS fabrication.  By leveraging 

all of the work in transistor fabrication, we can 

perhaps shorten accelerate the time. - The 

future of quantum computing starts with a 

grain of sand. 

 

Spin Qubits 

 

Spin qubits are similar in geometry to a 

conventional, planar transistor but are 

operated in the single electron regime and 

under a magnetic field. The two level system 

or 0 and 1 of the spin qubit is determined by 

the spin state (up/down) of a single electron 

and enables the one qubit gates of a 

quantum computer. Two qubit gates are 

achieved by controlled overlap of electron 

wavefunctions between adjacent qubits 

(transistors).  

 

At Intel, we fabricate silicon-based quantum 

compu-ting devices in the same advanced 

300mm fab where our next generation 

process technology is developed.   In-tel’s 

quantum hardware group has released a 

new silicon spin qubit test chip, Tunnel Falls, a 

12-quantum-dot line-ar array fabricated 

using Intel’s D1high-volume manu-facturing 

line. Tunnel Falls incorporates standard micro-

electronics design, materials, and fabrication 

techniques including EUV li-thography for the 

patterning of tight pitch device features.  

(See Figures 1,2) 

In this talk we will share a general overview of 

spin qubit devices and Intel’s test chip.   

We will then present qubit performance 

benchmarking of multiple qubit encodings 

on these Si/SiGe spin qubit devices.   Finally, 

we will discuss how results from this work are 

being used to vali-date design features, 

device physics, and fabrication pro-cesses 

that are being tested in extensible arrays for 

future technologies. 

 

Figures 

 

Figure 1: Top-Down SEM of a 12 “dot” linear 

array.  Individual Gate wires (top) act as 

plungers and barriers to accumu-late single 

electrons under adjacent gates while “sensor 

dots” (bottom) can detect the spin of the 

electron in the qubit. 
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Figure 2: Cross section schematic of a spin qubit 

gate array fabri-cated through industry 

standard processes. 
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The theory of classical universal 

computation was laid down in 1936, it was 

implemented within a decade, became 

commercial within another decade, and 

dominated the world’s economy half a 

century later. The unavoidable step to the 

quantum level promises entirely new modes 

of computation that do not have classical  

analogues. At present it is not clear when, 

how and even whether fully-fledged 

quantum computers will eventually be built; 

but notwithstanding this, the quantum 

theory of computation already plays a 

much more fundamental role in shaping our 

world-view than its classical predecessor 

ever did. But what if the theory is eventually 

refuted—if some deeper limitation foils the 

attempt to build a scalable quantum 

computer? I would be thrilled to see that 

happen. Such an outcome is by far the most 

desired one. Not only would it lead to a 

revision of our fundamental knowledge 

about physics, we would expect it to 

provide even more fascinating types of 

computation. For if something stops 

quantum mechanics, we shall expect to 

have an exciting new whatever-stops-

quantum-mechanics theory, followed by 

exciting new whatever-stops-quantum-

computers computers. From this perspective 

it appears as though the age of 

computation has not yet even begun! 
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With a multitude of quantum demonstrations 

on 100+ qubits, quantum computing is now 

firmly in the era of utility where quantum 

computers can serve as a scientific tool to 

explore a new scale of problems that 

classical methods may not be able to solve. 

This scale, combined with advances in 

algorithms, is fundamental to enabling 

quantum advantage; the point where 

quantum computers can faithfully run one 

of more tasks providing business or scientific 

value with more accuracy, efficiently, or 

cost-effectiveness than with classical 

computation alone. 

 

In this talk, we will highlight the progress in 

both quantum hardware and software that 

allow for computing observables on ~100 

qubits within a reasonable time-budget on 

present-day devices.  We then turn to the 

IBM Quantum roadmap, and how the 

technological improvements therein open 

up new opportunities not only for large-scale 

applications utilizing error-mitigation, but 

also pave the way toward future error 

corrected systems within the next decade. 
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Figure 1: Estimated mean number of qubits used 

on all cloud-accessible modalities of quantum 

processing units (QPU) as a function of year 

(circles) [1], along with IBM Quantum data for its 

external users using 127-qubit Eagle processors 

in 2023 (triangle). The shaded region is an 

extrapolation from a quadratic fit to the data 

for all QPU vendors Dashed lines indicate the 

number of qubits that can be brute-force 

simulated using the indicated classical 

simulation hardware. Solid-line highlights the 

100-qubit boundary for quantum utility that 

comes in 2038 at the current rate of progress. 

Utility scale experiments (hexagons) [2], [3], [4], 

[5], [6], [7], [8], utilizing 100+ qubits overlaid on 

top of the present-day trend. 
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A key challenge in scaling up quantum 

systems is the potential for correlated 

decay, which can significantly reduce the 

lifetime of states of interest.  This talk answers 

the following question: what is the maximal 

decay rate of a quantum system, and how 

does it scale with system size? Addressing 

this question, especially for systems 

comprising a large number of particles, is 

challenging due to the exponential increase 

in complexity of the Hilbert space. I will 

present a method that circumvents this 

difficulty by reformulating the problem into 

finding the ground state energy of a generic 

spin Hamiltonian. By establishing strict upper 

and lower bounds on this energy, we 

discover universal scaling laws that depend 

solely on the system's size, dimensionality, 

and interaction range. These laws serve as 

upper limits on how fast any quantum state 

can decay, and offer valuable insights for 

research in quantum optics, metrology and 

sensing. 
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Optically active spins in solids are strong 

candidates for scalable devices towards 

quantum networks. Semiconductor 

quantum dots set the state-of-the-art on 

optical properties as near-ideal single 

photon sources for the criteria of tuneability, 

brightness, and indistinguishability. The spin 

side of semiconductor quantum dots is 

complicated via the presence of nuclear 

spins of the hosting material. Their inherently 

mesoscopic nature leads to a unique 

realisation of a tripartite interface between 

light as information carrier, an electron spin 

as a proxy qubit, and an isolated nuclear 

spin ensemble. The ability to control these 

constituents and their mutual interactions 

create opportunities to realize an optically 

controllable ensemble of ~50,000 spins. In 

this talk, I will present a journey from treating 

the quantum dot nuclei as an uncontrolled 

noise source limiting spin coherence to the 

observation of their collective magnon 

modes and eventually to their capacity as 

quantum registers, all witnessed via a single 

electron spin driven by light. 
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Inertial sensors based on cold atoms and 
light-pulse interferometry exhibit state-of-the-
art sensitivity and ultra-low measurement 
bias that could revolutionize a variety of 
fields including geophysics and seismology, 
gravitational wave detection and 
fundamental tests of gravity, and inertial 
navigation [1].  
 
In the latter case, cold-atom interferometers 
are widely considered as breakthrough 
technology for future autonomous 
navigation. Nowadays, absolute quantum 
inertial sensors are available as commercial 
[2] and field-deployable devices [3].  
 
New concepts of matter-wave 
interferometry can also be used to study the 
low frequency variations of the strain tensor 
of space-time and gravitation. They can be 
used for the most precise monitoring of 
gravity or for precise tests of the weak 
equivalence principle (WEP) [4].  
 
For instance, the MIGA instrument, which is 
currently built in the underground laboratory 
in Rustrel, France will allow the monitoring of 
the evolution of the gravitational field at 
unprecedented sensitivity, which will be 
exploited both for geophysical studies and 
for Gravitational Waves (GWs) observations 
[5]. 
 
I present here some of the most recent 
advances in these fields. 
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Figure 1: Prototype of a full 3D quantum 
corrected accelerometer for navigation 
[CNRS/IOGS/EXAIL] 
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In the context of quantum science and 

technology, our study achieves harnessing 

individual electron spins within solid 

materials with precise atomic-level 

connections. Scanning Tunneling 

Microscope (STM) emerges as a mature 

technique for studying magnetic impurities 

on different substrates, serving as quantum 

sensors and building blocks for quantum 

information [1]. We successfully build, 

manipulate, and observe linked electron-

spin qubits on an atom-by-atom basis [2]. 

Coherent control of these "remote" qubits is 

empowered through the introduction of 

localized magnetic field gradients 

generated by nearby single-atom 

magnets. Our readout methodology utilizes 

a sensor qubit within the tunnel junction, 

featuring pulsed double electron spin 

resonance. This enables swift single-, dual-, 

and triple-qubit operations, entirely through 

electrical means. The resulting Ångstrom-

scale qubit platform opens the door to 

harnessing quantum capabilities, utilizing 

arrays of electron spins meticulously 

assembled atom by atom upon a surface.  

In the second part of my talk, the 

experimental focus shifts to utilizing single 

magnetic atoms to assemble a 1-D spin 

chain on a superconducting surface, 

leading to diverse spin orderings, closing 

the superconducting gap, and 

approaching a topological quantum 

phase transition [3]. Calculations employing 

Bogoliubov-de Gennes theory anticipate 

the appearance of clear Majorana bound 

states for relatively small chains in specific 

arrangements [4], showcasing the potential 

for exploring topological quantum 

phenomena in a controlled manner. 
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Figure 1: Three-Dimensional Model of a Single-

Atom Electron Spin Qubit. 
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Quantum computers promise the efficient 
solution of some computational problems 
that are classically intractable. For many 
years, they have been primarily objects of 
theoretical study, as only in recent years, 
protagonists have set out to actually build 
intermediate-scale quantum computers. 
This creates an interesting state of affairs, 
but also begs for an answer to the question 
what such devices are possibly good for.  

In this talk, we will present both encouraging 
as well as discouraging insights into near-
term quantum computing, alongside a 
number of results offering substantial 
progress. We will discuss rigorous quantum 
advantages in paradigmatic problems 
[1,2], and will explore the use of quantum 
computers in machine learning [3,4] and 
optimization [5].  
 
At the same time, we will find strong 
limitations, by providing efficient classical 
algorithms for instances of quantum 
algorithms, hence "de-quantizing" them 
[6,7], and by identifying limitations to 
quantum error mitigation [8]. Interestingly, it 
may depend on fine print of the non-unital 
quantum noise to what extent quantum 
computing with no error correction may be 
feasible [9]. The talk will end on the note 
that quantum simulation remains one of the 
most promising applications of near-term 
quantum devices [10,11]. 
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Figure 1: Efficient classical simulation for 
quantum circuits undergoing non-unital noise. 
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Dipolar quantum gases represent a 

fascinating and rapidly evolving field at the 

forefront of many-body quantum physics 

and quantum simulation. These gases, 

composed of ultracold atoms with strong 

magnetic, exhibit unique and tunable long-

range interactions, distinct from the short-

range interactions in traditional atomic 

gases. This talk provides an overview of 

recent developments and key insights in the 

study of dipolar quantum gases and  their 

implications in various experimental setups, 

such as optical lattices and bulk systems. 

Moreover, we highlight recent experimental 

and theoretical advancements in 

understanding quantum phases, dynamics, 

and collective phenomena in dipolar gases, 

ranging from the discover of a supersolid 

state of matter to the realization of 

‘extended’ quantum simulators. Overall, the 

study of dipolar quantum gases continues to 

inspire innovative research directions and 

offers promising avenues for exploring new 

frontiers in quantum science and 

technology. 
 

91



 

QUANTUMatter2024 
 

Strongly interacting bosonic physics in layered two-

dimensional van der Waals materials  
 

Mohammad Hafezi 
 

Joint Quantum Institute, University of Maryland, 

College Park, MD 20742 

 

hafezi@umd.edu 

 

 

 

Abstract  

 

Having a controllable system with many 

strongly interacting particles lies at the core 

of quantum simulation. For many years, 

excitons, bound electron-hole pairs in semi-

conductors, remained weakly interacting 

casting doubt on their potential as a 

suitable quantum simulation platform. In this 

talk, I introduce moiré lattices in layered 

transition metal dichalcogenides as a 

promising platform for strongly interacting 

excitons, offering relatively large flexibility in 

tuning parameters. Specifically, I report on 

the experimental observation of Mott 

insulating states of excitons, and 

corresponding transport properties1. 

Moreover, I discuss various interesting 

features of such systems, including the non-

bosonic nature of such excitons2, spin-

polaron magnetic properties3, collective 

radiative phenomena (akin to atomic 

arrays), and various non-interacting4 and 

interacting topological states.  
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Figure 1: Illustration of moiré excitons in  

a superlattice potential. Different regimes of 

exciton Bohr radius (aB), moiré lattice spacing 

(aM), and Wannier orbital size (aWX) can be 

achieved by choosing different materials and 

twist angels2.    
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The fluxonium qubit has garnered 
significant interest recently due to its high 
gate fidelities and strongly anharmonic 
spectrum. These valuable features have 
resulted in the fluxonium being proposed as 
the basis for a quantum processor, for use in 
transducing between microwave and 
optical signals, and as a nonlinear element 
for manipulating long-lifetime linear 
cavities. The capabilities of the fluxonium 
qubit for such schemes can be significantly 
improved under the application of a 
microwave drive. Here we discuss our 
recent experimental efforts demonstrating 
the benefits of applying a microwave drive 
for initializing and reading out a fluxonium 
qubit. We will conclude by discussing 
prospects for improving multiple-fluxonium 
devices through the application of a 
microwave drive [1]. 
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Figure 1: (a) Circuit diagram for a fluxonium 
molecule [2]. The energy eigenstates of the 
fluxonium molecule in the static (b) and driven 
(b) cases. The application of a microwave flux 
drive creates qubit states that are completely 
disjoint in phase for both the left and right 
fluxonium. 
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Semiconductor quantum dots embedded in 

photonic nanostructures offer a highly 

efficient and coherent deterministic photon-

emitter interface enabling on-demand 

single-photon sources and multi-photon 

entanglement sources [1,2]. We discuss the 

fundamental operational principles of these 

devices and introduce a protocol of 

deterministic entanglement generation by 

controlling a single spin in the quantum dot 

[3]. We will present the experimental state-of-

the-art of multi-photon entanglement 

generation [4,5] including the realization of 

photon fusion [6], which is a primitive for 

fusion-based quantum computing. Finally, 

we discuss potential applications of this novel 

hardware for quantum communication and 

photonic quantum computing [7]. 
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Newly discovered properties of magic angle 

graphene and other systems from the same 

family propelled the field of twistronics and 

motivated new research into tunable 

unconventional quantum phases. The 

research is driven in part by the search for 

robust quantum anomalous Hall insulators, 

topological superconductivity, correlated 

electronic states, and fractional statistics, 

and by the prospect of quantum simulation 

in solid state. In this lecture, I will showcase the 

exciting recent developments in the field of 

tunable 2D platforms highlighting the role 

played by scanning tunneling microscopy 

(STM) (Fig. 1). Through high-resolution 

magnetic-field scanning tunneling 

spectroscopy, surprising insights into 

quantum geometry and strongly correlated 

physics can be gained (Fig. 2). Specifically, I 

will report on the detection of the orbital 

magnetic moment and the emergent, 

anomalously large orbital magnetic 

susceptibility in twisted double bilayer 

graphene (TDBG)[1]. I will also discuss the 

potential in the field of quantum materials, 

combining STM, atomic manipulation, 

epitaxial growth, and stacked 2D devices. 
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Figure 1: Topographical STM image of TDBG [1]. 

 

 
 

 
 

Figure 2: Slices of a 3D local density of states 

map in TDBG showing Landau levels, where x,y, 

and z axes are respectively displacement field, 

sample bias, and magnetic field [1]. 
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Abstract 

 

Simulations of quantum chemistry and 

quantum materials are believed to be 

among the most important potential 

applications of quantum information 

processors, but realizing practical quantum 

advantage for such problems is challenging. 

We introduce a simulation framework for 

strongly correlated quantum systems that 

can be represented by model spin 

Hamiltonians. Our approach [1] leverages 

reconfigurable qubit architectures to 

programmably simulate real-time dynamics 

and introduces an algorithm for extracting 

chemically relevant spectral properties via 

classical co-processing of quantum 

measurement results. We develop a digital-

analog simulation toolbox for efficient 

Hamiltonian time evolution utilizing digital 

Floquet engineering and hardware-

optimized multi-qubit operations to 

accurately realize complex spin-spin 

interactions, and as an example present an 

implementation proposal based on Rydberg 

atom arrays. Then, we show how detailed 

spectral and other relevant chemical 

information can be extracted from these 

dynamics through snapshot measurements 

and single-ancilla control, enabling the 

evaluation of excitation energies and finite-

temperature susceptibilities from a single-

dataset. To illustrate the approach, we show 

how this method can be used to compute 

key properties of a polynuclear transition-

metal catalyst and 2D magnetic materials. 

 

 

References 

 

[1] Maskara N, Ostermann S, Shee J, 

Kalinowski M, Gomez AM, Bravo RA, 

Wang DS, Krylov AI, Yao NY, Head-

Gordon M, Lukin MD. Programmable 

Simulations of Molecules and Materials 

with Reconfigurable Quantum 

Processors. arXiv:2312.02265. 

 

Figures 

 

 
 

Figure 1: Hardware-efficient protocol for 

programmable simulation of generic spin 

Hamiltonian is based on applying 

sequences of interactions between non-

overlapping few-qubit groups, moving 

atoms in between. This implementation of a 

complex spin model is using a dynamical 

projection approach where spin-S variables 

are encoded in the collective spin of a 

cluster of 2S qubits: interactions between 

spins are generated by evolving pairs of 

qubits from each cluster under an 

interaction Hamiltonian and then 

dynamically projected into the symmetric 

encoding space. This protocol can be 

realized in any reconfigurable quantum 

processor.  
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Abstract 

 

Hybrid superconductor/semiconductor-

based quantum devices (e.g.: for quantum 

computing applications) are mainly based 

on 3 different technologies: vapour-liquid-

solid (VLS) grown vertical nanowires, 

selected area growth (SAG) nanowire 

networks and 2-dimensional electron gases 

(2DEG). By using AC STEM and 3D modelling, 

we will study the influence of polarity on the 

development and properties of these 

complex NW-like hybrid heterostructures 

vertically grown by VLS.[1-6] In a second 

part, we will show the natural evolution of 

this vertical technology to the flat SAG 

growth of NW networks on III-V substrates. In 

these complex core@shell or confined 

multilayer nanostructure configurations, 

strain relaxation mechanisms during the 

epitaxial growth play a key role in 

determining their final morphology, crystal 

structure and physical properties. To analyze 

these mechanisms, atomic-scale AC STEM 

studies are performed on horizontal arrays of 

nanowires. Monochromated Valence 

Electron Energy Loss Spectroscopy will be 

employed to spatially map the 

heterostructure’s bandgap with sub-

nanometer resolution and certify the 

influence of the high mismatch induced 

strain on the topological electronic 

properties at the interface of the core-shell 

region.[7-12] Finally, we will address the 

newly developed 2DEG heterostructures 

based on SiGe, fully compatible with CMOS 

technology, were the strain and 

composition at the Ge quantum wells will 

determine their final quantum properties 

[13]. 
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Figure 1: Semiconductor nanowires (r)evolution: 

from vapour liquid solid to guided growth and 

selected area growth quantum networks. 
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Continuous variable quantum key 

distribution with discrete modulation has the 

potential to provide information-theoretic 

security using widely available optical 

elements and existing telecom 

infrastructure. While their implementation is 

significantly simpler than that for protocols 

based on Gaussian modulation, proving 

their finite-size security against coherent 

attacks poses a challenge. We consider 

protocols in which, contrary to previous 

approaches, all the information is 

discretized. This allows using standard 

techniques developed in the discrete-

variable scenario to prove the security of 

these protocols, with no significant loss in the 

key rate. We discuss several variants of these 

protocols and their security, the theoretical 

and implementation challenges and how 

the use of post-selection may open 

promising avenues to address them. 
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Figure 1: Asymptotic secret key generation rate  

in terms of distances D and excess noise.  
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Among platforms for storing quantum states 

in the microwave domain, solid state spin 

ensembles addressed via superconducting 

circuits stand out for their multimodal 

storage capability and the second-long 

coherence time when operated at clock 

transitions [1]. 

 

Successful implementation of a practical 

memory scheme requires several keys 

features, such as the ability to tune on-

demand the frequency and the bandwidth 

of the resonator [2]. In this talk, we will 

present a superconducting circuit 

architecture accomplishing both, allowing 

strong coupling to an ensemble of bismuth 

dopants in silicon. We devise a parametric 

process to dynamically control the virtual 

bandwidth of the superconducting circuit 

by exploiting its kinetic inductance 

nonlinearity, demonstrating coupling rate 

tuning range over a factor of 15.  

 

The strong coupling of the spins to the 

resonator also set radiation loss as the main 

spin relaxation channel. Combined with 

nuclear and electronic drives, this Purcell 

effect enables to polarize the spins 

dynamically predominantly into a single 

ground state, allowing us to reach a 

cooperativity between the resonator and 

the spin ensemble near unity. 
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Layered materials are a class of quantum 

materials with electronic properties of 

exceptional interest for several domains of 

solid-state physics. Their crystal structure with 

van der Waals bonding between unit layers 

makes it feasible to stabilize single 2D layers 

and to form a wide range of 

heterostructures without the constraint of 

lattice matching. In this family of materials, 

transition metal dichalcogenides and 

topological insulators hold great promise for 

spintronics owing to their large spin-orbit 

coupling and the locking between the 

electron spin and momentum [1]. The 

recent discovery of van der Waals 2D 

magnets has also opened exciting 

opportunities to explore low dimensionality 

magnetism, proximity phenomena in 

heterostructures and all-van der Waals spin 

devices [1]. While most research on these 

materials is currently performed with 

nanoflakes mechanically exfoliated from 

bulk crystals, molecular beam epitaxy is 

emerging as a powerful method to grow 

large-area 2D materials with fine tuning of 

the composition, control of the thickness 

down to the 2D limit and ability to fabricate 

heterostructures with sharp and clean 

interfaces. I will discuss the specificities and 

challenges of van der Waals epitaxy and 

review recent progress in the fabrication of 

van der Waals materials by this technique, 

including topological insulators [2], transition 

metal dichalcogenides [3,4] and 2D 

magnets [5-7]. I will then illustrate the 

potential of these materials for spintronics 

with examples of heterostructures in which 

spin-charge interconversion is implemented, 

leading to large spin-orbit torques and 

current-driven magnetization switching [8,9]. 
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Skyrmions are topological spin textures which 

hold great promise as nanoscale bits of 

information in memory and logic devices [1]. 

The recent demonstration of room 

temperature skyrmions [2,3] as well as their 

current induced motion in industry compatible 

sputtered thin films have lifted important 

roadblocks toward the realization of skyrmion 

based devices. However, their development is 

impeded by a too low current induced velocity 

(about 100 m/s) [4] as well as the skyrmion Hall 

effect, namely a motion transverse to the 

current direction due to their topological 

charge which can lead to their annihilation in 

tracks. Antiferromagnetic (AF) skyrmions allow 

these limitations to be lifted owing to their 

vanishing magnetization and net zero 

topological charge, promising fast dynamics 

without skyrmion Hall effect. In this 

presentation, I will address the stabilization and 

current induced manipulation of skyrmion in 

compensated synthetic antiferromagnetic 

(SAF). I will first show that skyrmions can be 

stabilized at room temperature in Pt/Co/Ru 

based compensated SAFs and nucleated using 

local current injection or ultrafast laser pulses 

[5]. I will then show that SAF skyrmions can be 

moved by current at velocities over 900 m/s 

without skyrmion Hall effect. Micromagnetic 

simulations and analytical models using 

experimental parameters show that this 

enhanced skyrmion velocity can be explained 

by the compensation of the topological charges 

as well as an enhanced spin orbit torque in the 

synthetic antiferromagnet. I will conclude the 

talk with recent results on the electrical 

nucleation and detection of a skyrmion in 

magnetic tunnel junctions, which is another 

important milestone for skyrmion based 

devices [6]. Our results open important paths 

toward the realization of logic and memory 

devices based on the fast manipulation of 

skyrmions. 
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Solid-state quantum sensors based on 
nitrogen vacancy centres have successfully 
achieved NMR detection of chemicals 
located in the diamond surface. 
Transitioning to high magnetic field 
scenarios would facilitate the detection of 
quantities encoding structural information 
such as chemical shifts and J-couplings.  
 
In this presentation, I will delve into the 
challenges and opportunities related to 
high-field NMR at the microscale and 
examine recently proposed techniques, 
namely AERIS [1] and J-INSECT [2], designed 
to achieve high-resolution NMR detection of 
distinct energy shifts at elevated magnetic 
fields. 
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Figure 1: J-INSECT “agent” investigating a 
molecular compound.  
 
 
 

 
 

 

 

 

 

 

 

102



 

QUANTUMatter2024 
 

Quantum Sensors in Diamond: Technology and 

Applications 
 

Prof. Christian Degen 
Co-Authors (Century Gothic 10) 

 

Department of Physics and Quantum Center, 

ETH Zurich, Zurich, Switzerland (Century Gothic 

10) 

 

degenc@ethz.ch (Century Gothic 10) 

 

 

 

Abstract (Century Gothic 11) 

 

Diamond has emerged as a unique material 

for a variety of applications, both because it 

is very robust and because it has defects with 

interesting properties. One of these defects, 

the nitrogen-vacancy (NV) center, shows 

quantum behavior up to above room 

temperature. Our group is exploring 

diamond as a platform for realizing 

nanoscale sensors with exquisite sensitivities 

and new capabilities. 

 

In this talk, I will introduce the concept of 

diamond-based quantum sensors [1]. I will 

discuss the fabrication of diamond probes 

and their integration into plug-and-play 

sensor chips. I will also discuss current 

challenges in scanning probe microscopy 

(SPM) system integration [2]. The talk will 

conclude with illustrative examples of 

applications in metrology of magnetism and 

currents at the nanometer scale. 
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Figure 1: Commercial quantum scanning probe. 

Inset shows monolithic diamond tip with a single 

NV emitter at the tip apex (arrow). 
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Quantum devices characterized by non-

Hermitian topology are predicted to show 

very robust and potentially useful properties, 

but realizing them has remained a daunting 

experimental task. This is because non-

Hermiticity is often associated with gain and 

loss, which would require precise tailoring to 

produce the signatures of nontrivial 

topology. 

Instead of gain/loss, we use the 

nonreciprocity of quantum Hall edge states 

to directly observe the non-Hermitian 

topology of a multi-terminal ring [1]. Our 

transport measurements evidence a robust, 

non-Hermitian skin effect: currents and 

voltages show an exponential profile, which 

persists also across Hall plateau transitions 

away from the regime of maximum non-

reciprocity. Our observation of non-Hermitian 

topology in a quantum device introduces a 

scalable experimental approach to 

construct and investigate generic non-

Hermitian systems. 

As an example, we transpose the concepts 

introduced for the QHE device to classical 

electronic systems where the non-Hermitian 

topology allow us to build a non-Hermitian 

ohmmeter [2]. 
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Figure 1: Scanning electron microscopy (SEM) 

image of the AlGaAs 2DEG device with a 

zoomed-in false-colour SEM image. The white 

lines indicate the edge quantum Hall states 

occurring in the presence of a perpendicular 

magnetic field at filling factor ν = 1, whereas the 

white arrows indicate the direction of 

propagation of electrons. The 2DEG and ohmic 

contacts are highlighted in red and yellow, 

respectively. The white dashed lines show the 

boundaries of the 2DEG. 
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Abstract: Topological metals display 

physical phenomena different to 
conventional metals. These include Fermi-

arc surface states, approximately 
quantised photoconductivity and negative 

magnetoresistance. However, all known 
topological metallic solids are crystalline. 
What is a meaningful definition of 

topological metals in non-crystalline solids? 
Do their Weyl nodes come in pairs? Can we 

enforce topology in non-crystalline metals? 
In this talk I will discuss these questions by 
proposing tools to define topological 

metals without translational symmetry. I will 
discuss some possible material realisations 

and physical principles to enforce them. 
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Figure 1: Spectral function of an amorphous 

topological metal 
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Bismuth is possibly the first discovered 

Second-Order Topological Insulator, a 

relatively new state of matter characterized 

by topologically protected helical states, i.e 

counter-propagating 1D states whose spin 

orientation  is locked to the propagation 

direction. Such states open many possibilities, 

from dissipationless charge and spin transport 

to new avenues for quantum computing.  

Connecting bismuth nanowires to 

superconducting contacts has revealed the 

ballistic character of the Andreev Bound 

States, suggesting topological protection 

[1,2]. We have also found the tell-tale high 

frequency signature of protected Andreev 

level crossings, a peaked absorption at 

phase pi [3]. More recently, through the 

statistical distribution of the switching current 

of a bismuth nanoring Josephson junction, 

we have determined that pairs relax 

relatively slowly compared to quasiparticles, 

an indication that helical states with opposite 

helicity are physically separated, a key 

feature of Second-Order Topological 

Insulators [4]. Finally, I will address the role 

played by helical states in generating non-

reciprocal effects in bismuth, in the form of 

bilinear magnetoresistance in the normal 

state and Josephson diode in the 

superconducting state [5]. 
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Measurement plays a peculiar role in 

quantum mechanics: beyond revealing 

properties of a system, it can also affect its 

state in nontrivial ways and give rise to 

striking new phenomena. Among such 

phenomena are novel phases defined by 

the structure of quantum correlations (such 

as entanglement) in many-body systems 

away from equilibrium. I will discuss the 

experimental realization of these 

measurement-induced phases of quantum 

information on Google Quantum AI's 

superconducting processor [1]. By using a 

hybrid quantum-classical order parameter 

that correlates experimental data with 

classical simulation, we obtain signatures of 

distinct entanglement phases on up to 70 

qubits; one of these phases exhibits 

emergent quantum teleportation, where 

the non-locality of measurements enables 

correlations beyond the standard causal 

“light cone” of unitary dynamics. 

Furthermore, we show that noise, an 

inevitable limitation of near-term quantum 

hardware, can in fact be used to our 

advantage as an independent probe of 

the phases.  
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Figure 1: Quantum circuit implemented on 

Google Quantum AI’s superconducting 

processor. 

 

 
 

 
 

Figure 2: Quantum-classical order parameter to 

detect measurement-induced entanglement 

on a 70-qubit array. 
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Abstract 
 
The Center for Quantum Technology and 
Applications (CQTA) in Zeuthen is a 
science-led center, which will enable 
researchers from universities, industry, and 
other research institutions to develop new 
applications for complex quantum systems, 
or to develop optimization algorithms for 
current and future quantum computers. In 
the presentation the activities of the center 
in the areas of theoretical and 
experimental physics [1], classical 
optimization problems as well as quantum 
art will be discussed.  
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Figures 
 

 
 

Figure 1: Quantum computing offers the 
fascinating opportunity to solve 
problems  which are extremely hard or even 
impossible to address on conventional 
computers. It opens up unimagined possibilities 
and may speed up research and development 
in many other fields. 
 
 
 

 
 
Figure 2: Proposed theoretical physical model 
systems (orange) with corresponding 
approaches (green) and quantum algorithms 
(blue), taken from [1]. 

 

 

 

 

 

Classification

Trotter 
Dynamics

VQE/varQITE

TN/QTN

Quantum 
Dynamics

Neutrino 
oscillations

varQTE

QNNs

t

!

Hybrid Qu-Cl

Optimisation

+
p p

aa

Low dimension 
LGT

QLM/D-Theory

!!

!" !#

Quantum 
Kernels

Real-time 
Phenomena

108



 

QUANTUMatter2024 
 

 

 

109



 

QUANTUMatter2024 
 

Testing and verifying quantum computations and 

simulations 
 

Barbara Kraus 
 

Technical University of Munich, Germany 

 

Barbara.Kraus@ph.tum.de 

 

 

 

I will discuss here several protocols designed 

for the verification and the characterization 

of quantum devices. They range from 

protocols which were designed to verify the 

output of a quantum cloud computer using 

only classical means to practical testing and 

verification protocols of quantum devices 

utilized for quantum computation and 

simulation. 
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Thanks to their original properties, magnetic 

skyrmions have many promising applications, 

from sensors through data storage to non-

conventional computing [1-3]. Among the 

main advantages of magnetic skyrmions are 

their sub-micronic size, their particle-like 

behavior, their stability and non-volatility at 

room temperature and the low energy 

requirement for their motion. It has been 

shown, most often separately, that magnetic 

skyrmions can be experimentally nucleated 

[4-7], moved [4,7], annihilated [6] and 

detected electrically using Anomalous Hall 

effect [8] in metallic multilayers. 

In this talk, we will propose a neuromorphic 

device design using full-electrical 

manipulation and detection of skyrmions to 

perform basic operations required for 

neuromorphic computing [9]. Indeed, the 

operating principle of an artificial 

neuromorphic component is to work by 

performing a simple operation: it multiplies 

various input signals with corresponding 

synaptic weights and sums them up [10]. 

Mathematically, this can be represented as y 

= Σ(wixi), where xi are the inputs and wi are the 

synaptic weights. All the building blocks 

necessary to achieve the demonstration of a 

weighted sum of skyrmions will be presented, 

from the nucleation and motion of a 

controlled number of magnetic skyrmions in 

multilayer tracks using electrical current pulse 

parameters to the electrical detection of a 

sum of skyrmions through anomalous hall 

effect. 

The demonstrated skyrmion-based 

neuromorphic device paves the way to 

skyrmionic low-energy devices contributing 

to a global reduction of the environmental 

impact of AI applications.  
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I will discuss what quantum geometry is and 

how it is the natural language to describe 

various material properties of insulators, such 

as their effective mass, orbital magnetic 

moment and dielectric constant. This 

considerations make it possible to find 

materials which are suited for various 

technologies. 
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Figure 1: Adapted from Ref. [1]. Estimate of 

quantum metric (real part of quantum 

geometry) from the experimental and 

theoretical values of bulk dielectric 

constant. 
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Recent technological advancements have 

enabled the preservation of near-perfect 

superconductivity and lattice structure in 

isolated, atomically thin  Bi2Sr2CuCa2O8+δ (Bi-

2212) crystals, facilitating the development 

of Bi-2212-based junctions [1,2]. These 

advancements focus on controlling the 

diffusion of oxygen interstitials, a key factor 

causing disorder in Bi-2212 cuprates. While 

intrinsic local lattice distortions in pristine 

cuprates [3] may contribute minimally 

without affecting the d-wave nature of the 

dominant order parameter, lattice 

distortions due to oxygen interstitials diffusion 

above 200 K [4,5] are detrimental. To 

counter this, a cryogenic stacking protocol 

has been developed, freezing oxygen 

interstitial motion at temperatures well 

below 200 K and rapidly establishing the 

interface in an ultra-low moisture 

environment [6-8]. This method has led to 

the creation of artificial intrinsic Josephson 

junctions, which show a strong dependence 

of Josephson energy on the twist angle, 

exhibiting unique properties at a 45° twist [6-

8]. Notably, these junctions display fractional 

Shapiro steps and Fraunhofer patterns, 

indicating two degenerate Josephson 

ground states with time-reversal symmetry 

(TRS). The ability to control the junction 

current bias sequence to selectively break 

TRS allows the junction to enter either ground 

state. This discovery has prompted the 

proposal of a novel capacitively shunted 

qubit, termed 'flowermon,' characterized by 

its d-wave order parameter that offers 

inherent protection against charge-noise-

induced relaxation and quasiparticle-

induced dissipation [9]. The flowermon 

signifies a step towards high-coherence, 

hybrid superconducting quantum devices 

using unconventional superconductors. To 

fabricate complex circuits like those needed 

for the flowermon, a new technique 

involving cryogenic dry transfer of printable 

circuits embedded in a silicon nitride 

membrane has been developed [10]. This 

technique separates the circuit fabrication 

process, which involves chemical and 

physical stresses, from the creation of thin 

superconducting structures, thereby 

providing electrical contacts in a single step 

and protecting the superconducting 

surface from environmental damage. 
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Graphene moiré superlattices display 

electronic flat bands. At integer fillings of 

these flat bands, insulating states due to 

strong electron–electron interactions are 

generally observed. However, the presence 

of other correlation-driven phases in twisted 

graphitic systems at non-integer fillings is 

unclear. We report [1] the existence of 

three-fold rotational (C3) symmetry breaking 

in twisted double bilayer graphene. Using 

spectroscopic imaging over large and 

uniform areas to characterize the direction 

and degree of C3 symmetry breaking, we 

find it to be prominent only at energies 

corresponding to the flat bands and nearly 

absent in the remote bands. We 

demonstrate that the magnitude of the 

rotational symmetry breaking does not 

depend on the degree of the heterostrain or 

the displacement field, being instead a 

manifestation of an interaction-driven 

electronic nematic phase. We show that the 

nematic phase is a primary order that arises 

from the normal metal state over a wide 

range of doping away from charge 

neutrality. Our modelling suggests that the 

nematic instability is not associated with the 

local scale of the graphene lattice, but is an 

emergent phenomenon at the scale of the 

moiré lattice. This suggest that nematic 

instabilities are common in moiré systems 

and may be universal elements of their 

phase diagrams. 
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Figures 

 

 

 
 

Figure 1: (a), (b), dI/dV maps at the energy of 

the VFB, close to charge neutrality (a) and 

around half-filling of the CFB (b). The insets show 

the fast Fourier transform of each LDOS map. 
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Quantum materials that interface 
magnetism, topology, and superconductivity 
are attractive for emerging quantum 
information technologies. We provide an 
overview of the opportunities presented by 
the epitaxial growth of diverse quantum 
materials using molecular beam epitaxy 
(MBE) and chemical vapor deposition (CVD). 
We discuss MBE-grown Dirac semimetal 
heterostructures [1-3] and ferromagnetic 
topological insulators interfaced with 
ferromagnetism [4], motivated by the effects 
of broken time-reversal symmetry on 
transport in topological states. We then show 
how epitaxially engineered heterostructures 
can lead to emergent superconductivity that 
coexists with topological order and 
ferromagnetism [5]. Finally, we investigate 
superconductivity in CVD-grown doped 
diamond films for potential applications in 
quantum technologies [6].  Supported by the 
Penn State 2DCC-MIP (NSF DMR-2039351), 
Penn State MRSEC (NSF DMR-2011839), and 
Q-NEXT, a DOE National Quantum 
Information Science Research Center.  
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Figures 
 
 

 
Figure 1: Example of the MBE growth and 
characterization of a hybrid Dirac semimetal 
(ZrTe2)/2D ferromagnet (CrTe2) heterostructure. 
The panels show (a) schematic crystal structure, 
(b) RHEED, (c) XRD, (d) TEM, (e) scanning 
tunnelling topography, and (f) x-ray 
photoelectron spectroscopy. Figure reprinted 
from Ref. [1]. 
 

 
 

 

Figure 2: Example of the MBE growth and 
extensive characterization of a hybrid Dirac 
semimetal/ferromagnetic semiconductor 
heterostructure aimed at breaking time-reversal 
symmetry. The panels show (a) reflection high 
energy electron diffraction (RHEED), (b) x-ray 
diffraction (XRD), (c) atomic force microscopy 
(AFM), and (d), (e) transmission electron 
microscopy (TEM). Figure reprinted from Ref. [3]. 
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Abstract 

 

Kernel methods play a crucial role in 

machine learning and the Embedding 

Quantum Kernels (EQKs), an extension to 

quantum systems, have shown very 

promising performance. However, 

choosing the right embedding for EQKs is 

challenging. We address this by 

proposing a p-qubit Quantum Neural 

Network (QNN) based on data re-

uploading to identify the optimal q-qubit 

EQK for a task (p-to-q). This method 

requires constructing the kernel matrix 

only once, offering improved efficiency. 

In particular, we focus on two cases: n-to-

n, where we propose a scalable 

approach to train an n-qubit QNN, 

and 1-to-n, demonstrating that the 

training of a single-qubit QNN can be 

leveraged to construct powerful EQKs. 

We will explore relevant applications in 

realistic scenarios such as satellite image 

classification and classification of 

neutrino flavors from IceCube. 
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Figure 1: A schematic illustration of how a QNN 

can enhance classification accuracy. 

 

 

 
Figure 2: Test accuracies for two QNN-

enhanced EQK architectures for synthetic data 
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Abstract  

 

Progress in the emergent field of 

topological superconductivity relies on 

synthesis of new material combining 

superconductivity, low density, and spin-

orbit coupling (SOC). Theory indicates that 

the interface between a one-dimensional 

semiconductor with strong SOC and a 

superconductor hosts Majorana-modes 

with nontrivial topological properties [1]. 

We discuss the recent developments in 

epitaxial growth of Al on InAs nanowires 

was shown to yield a high-quality 

superconductor-semiconductor system with 

uniformly transparent interfaces. We have 

developed a two-dimensional (2D) surface 

InAs quantum wells with epitaxial 

superconducting Aluminum [2], yielding a 

planar system with exceptional structural 

and transport characteristics [3]. We 

present new qubits based on 

semiconductor weak links dubbed 

Gatemons. These qubits show great 

promise on this platform for realization of 

topological qubits where we 

unprecedented control over proximity 

effect in semiconductors using a gate 

voltage [4]. We discuss the role of disorder 

and how they could enable potential 

circuit applications for low power circuits, 

gate-based topological qubits as well as 

superconducting qubits for computation 

[5].  
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Figure 1: Planar Josephson Junctions exhibiting 

signatures of topological phase. 
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Transmons are inherently quantum multilevel 

systems. Being experimentally controllable 

with high fidelity, the higher excited states 

beyond the qubit subspace provide an 

important resource for hardware-efficient 

many-body quantum simulations, quantum 

error correction, and quantum information 

protocols.  
 

With the higher levels included, a transmon 

array realizes the attractive Bose-Hubbard 

model. The dynamics of the full model has 

been difficult to study both numerically and 

analytically due to the unfavourable scaling 

of the dimensionality of the Hilbert space 

with the system size. In this work [1, 2], we first 

present an analytic and numerical 

framework for describing the effective 

unitary dynamics of highly excited states 

based on high-order degenerate 

perturbation theory. This allows us to 

describe various collective phenomena—

such as bosons stacked onto a single site 

behaving as a single particle, edge 

localization, and effective longer-range 

interactions—in a unified, compact, and 

accurate manner. 
 

Dissipation and dephasing yield a practical 

limiting factor for the utilization of the higher-

excited states. We show in detail the primary 

consequences of single-transmon dissipation 

and dephasing to the higher-excited state 

dynamics [3]. We use analytical methods 

from perturbation theory and quantum 

trajectory approach together with 

numerical simulations.  The three main non-

unitary processes are many-body 

decoherence, many-body dissipation, and 

heating/cooling transitions. Of these, the 

many-body decoherence gives the strictest 

limit for observing effective unitary 

dynamics. Our results show that state-of-the-

art transmon arrays should be ready for 

demonstrating coherent many-body 

dynamics using the higher excited states.  

 

Furthermore, when a transmon array is in a 

waveguide, collective decay involving the 

higher-excited states yields stronger 

super/subradiance than with qubits [4].  
 

Our results on the higher-excited state 

dynamics can help with the design of new 

qudit-based quantum protocols and enable 

transmon arrays to be used to explore 

additional lattice models besides the 

standard Bose-Hubbard one.  
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Figure 1: Schematic of boson stack localization 

and collective hopping in a transmon array. 
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Inspired by anomalous spin transport in a 

peculiar compensated collinear magnet 

with d-wave symmetry of its spin-polarized 

band structure, we have developed the full 

delimitation and classification of collinear 

magnetic systems. From this, altermagnetism 

has emerged as a distinct and symmetry 

delimited new magnetic phase. 

Altermagnets exhibit an unconventional 

spin-polarized d/g/i-wave band structure in 

reciprocal space, originating from the local 

sublattice anisotropies in direct space. This 

gives properties unique to altermagnets 

(e.g., the spin-splitter effect), while also 

having ferromagnetic (e.g., polarized 

currents) and antiferromagnetic (e.g., THz 

spin dynamics and zero net magnetization) 

characteristics useful for spintronics device 

functionalities. I will cover the physics of their 

unconventional spin transport and 

magnetic dynamics, as well as how to 

possibly control them by different means.  
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Figure 1: Hall device of altermagnetic RuO2 

 

 
 

 
 

Figure 2: Crystal and momentum space 

representation of d-wave altermagnetism 
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Introduction. Recently, there has been a 
growing focus on quantum communication 
due to its inherent security advantages [1,2]. 
However, there are still many challenges 
that need to be addressed, such as the 
distribution of entangled states over long 
distances, closing the Bell test loopholes, 
and increasing the key rate [3]. In this work, 
we present an innovative device-
independent quantum key distribution (DI-
QKD) protocol based on the distribution of 
near-maximally entangled multiphoton 
states across long distances. Our proposed 
strategy employs the resources available 
within the current landscape of integrated 
quantum photonic technology, including 
the utilization of squeezed vacuum states 
and photon-number-resolving detectors. 
Besides, this protocol enables entanglement 
sharing and quantum communication in 
free space. 
 
Entanglement distribution. The distributed 
state using multi-photon bipartite 
entanglement is the Generalized Holland-
Burnett (GHB) states, while the losses are due 
to quantum optical systems modelled with 
beam splitters [3]. 
Alice and Bob locally generate a photon-
number-entangled two-mode squeezed 
vacuum state each, obtained by 
spontaneous parametric down-conversion 
(SPDC). They send their idler modes to a 
remote station Charlie, who holds a 
balanced beam splitter (BS), where the two 
modes interfere, and performs a photon-
number-resolving (PNR) detection on the BS 
output modes. The state and the amount of 
shared entanglement are parametrized by 

the outcomes of Charlie’s measurement. 
After Charlie informs the parties classically of 
the measurement outcome, Alice and Bob 
know which state they possess and may 
employ it for quantum applications. 

 
Key generation and extraction. Alice and 
Bob interfere their signal with the coherent 
states. To this end, they use variable beam 
splitters. Alice repeatedly chooses between 
three coherent states as her setting while 
Bob uses two. In the homodyne limit, this 
setup allows them to perform a 
displacement operator on their modes. They 
interpret the readout obtained with photon-
number-resolved (PNR) detectors as binary 
outcomes. 

Alice and Bob apply post-selection on their 
key generation rounds in which they 
randomly and independently retain bits “0” 
with probability p and keep all bits “1”. Then, 
they announce the discarded rounds 
through an authenticated classical 
channel. 

Finally, they apply error correction and 
privacy amplification procedures. To find 
the key rate using the Devetak-Winter 
formula, they need to calculate their 
conditional entropy and maximize Eve's 
guessing probability based on the full 
behaviour of their statistics. This can be done 
by certifying quantum correlations 
leveraging SDP (i.e. NPA hierarchy method 
[4]). 
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Abstract (Century Gothic 11) 

 

The CERN Quantum Technology Initiative 

(QTI) was launched in 2020 with the aim of 

investigating the role that quantum 

technologies could have within the High 

Energy Physics (HEP) research program. 

During this initial exploratory phase a set of 

results were gathered, outlining benefits, 

constraints and limitations of introducing 

technologies in different HEP domains, from 

advanced sensor for next generation 

detectors,  to computing. These findings 

have been used to defineof a longer-term 

research plan, closely aligned with the 

technological development of quantum 

infrastructure and the HEP priorities. 

The CERN QTI has now entered its second 

phase, dedicated to extending and sharing 

technologies uniquely available at CERN, 

while boosting development and adoption 

of quantum technologies in HEP and 

beyond. 

This talk will summarize the experience 

accumulated through the past years, 

outlining the main QTI research results, 

focusing in particular the field of quantum 

computing, and provide a perspective of 

future research directions. 
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Figure 1: Unsupervised learning quantum 

architecture detects phase transitions of a 

ANNNI model [1] 
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Superconducting parametric amplifiers have 

been widely adopted in cryogenic radio-

frequency measurement laboratories 

worldwide. Operating near the quantum limit 

of added noise, these devices enable, e.g., 

single-shot readout of superconducting 

qubits. In this talk, we will present VTT’s 

development of amplifiers based on niobium 

Josephson junction technology [1], along 

with various demonstrated applications in 

experimental quantum science and 

technology. Our primary device concept is 

a travelling wave parametric amplifier 

(TWPA, see Fig. 1) consisting of a transmission 

line where the centre conductor is 

composed of Josephson elements called 

Super-conducting Nonlinear Asymmetric 

Inductive eLements (SNAILs). The non-

linearity of the Josephson inductance allows 

a 3-wave mixing process where the energy 

of a strong microwave pump tone is 

transferred to a weak signal. The pump is at 

twice the signal frequency, which is 

beneficial: quantum squeezing can be 

studied [2], and the pump power can be 

prevented from reaching the gain stages 

that follow the TWPA. A magnetic flux bias 

line has been fabricated on the TWPA chip. 

It provides homogeneous, static flux biasing 

for all the SNAILs and negligible fringing fields 

around the miniaturized device package 

(Fig. 2). 
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Figure 1: Photograph of a travelling wave 

parametric amplifier microchip. The chip size is 5 

mm square. 

 

 
 

 
 

Figure 2: Photograph of a travelling wave 

parametric amplifier in a connectorized 

microwave package. The dimensions are 17.7 

mm x 21.7 mm x 13.4 mm. 
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In the past decade, Quantum Information 

Science (QIS) has witnessed significant 

growth, driven by technological 

advancements that have given rise to the 

first generation of quantum processor units 

(QPUs). The next groundbreaking frontier in 

QIS involves the establishment of quantum 

networks and interconnections between 

these QPUs. A pivotal technology enabling 

the realization of distributed quantum 

networks is high-efficiency microwave-

optical transduction, with wide-ranging 

applications encompassing cryptography, 

national security, and quantum sensing. At 

the DOE Fermi National Laboratory, part of 

our research is dedicated to developing this 

crucial enabling technology, employing 

superconducting cavities with long 

coherence times coupled to electro-optic 

non-linear materials. In this talk, we will 

present a comprehensive analysis and 

measurements that demonstrate the 

feasibility of achieving an impressive 50% 

efficiency while minimizing added noise. 

These findings represent a significant step 

forward in advancing quantum networks 

and sensor networks for the Quantum 

Internet era. 
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Abstract  

 

The past few years of quantum computers’ 

development have demonstrated the need 

for classical computing to be an integral part 

of the road to quantum advantage. At 

Quantum Machines we specialized in 

quantum-classical integration, out of 

necessity, to produce controllers able to 

handle the most complex quantum 

sequences, while allowing for seamless 

scaling up. In this talk, we will discuss how we 

can offload some of the challenges from the 

QPU to the classical control and how such 

classical technology can enable quantum 

breakthroughs. Some of these challenges 

include the complexity of scaling up, pushing 

fidelities of gates as well as state preparation, 

mitigating and correcting errors, and building 

flexible systems for research and 

development. We will show how Quantum 

Machines has approached such control 

challenges and announce recent 

breakthroughs and technological 

advancements. 
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In this talk, I will discuss two recent works 

exploring quantum materials that can be 

realized in PASQAL’s quantum processing 

unit. I will discuss how one can study the 

physics of strongly correlated electrons with 

the help of a hybrid quantum-classical 

approach [1]. I will then discuss how the 

physics of amorphous quantum magnets 

can also be studied in our device [2].  
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In view of the increasing demand for the 

cooling of quantum electronic devices, the 

development of scalable cooling solutions 

providing low temperatures independent of 

rare helium-3 will be mandatory for the 

adoption and commercial use of next-

generation quantum technologies. We 

present novel cryostats1 specifically 

developed for the characterization and 

operation of quantum devices at sub-Kelvin 

temperatures, based on adiabatic 

demagnetization refrigeration (ADR). We 

describe how continuous sub-Kelvin cooling 

and wide-range temperature control can 

be achieved by combining multiple ADR 

units and mechanical thermal switches. We 

also present a novel sample loader 

mechanism2 that allows cooling samples 

from room temperature to below 100 mK in 

less than 3 hours, as shown in Figure 1. 

Finally, we show how these novel tools can 

be used to study low-temperature 

characteristics of, e.g., superconducting 

films and resonators (Figure 2). 
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Figures 

 

 
Figure 1: Sample cooldown curve from room 

temperature to 100 mK in less than 3 hours. 

 

 

 
 

Figure 2: Temperature dependence of the 

internal Quality factor of an aluminium-based 

superconducting resonators at ~ 10 500 photon 

counts. The red line is a fit to a combined TLS + 

surface impedance model according to Ref. 

[3]. 
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Realizing intermediate-scale quantum 

computers and fault-tolerant quantum 

computers requires controlling 1000s of 

qubits. For this purpose, Qblox has 

developed a highly distributed control 

architecture, called the Cluster, where fully-

integrated modules are incorporated in a 

massively scalable fashion. The Cluster 

modules are based on multiple cores of Q1 

processors based on FPGAs and RF-SoCs 

that in real-time generate and sequence 

pulses, their parameters and measurement 

operations [1].  

 

We here present a new level of scalability 

that paves the way for quantum computers 

with practical applications. The Qblox 

Cluster can control and readout up to 60 

superconducting qubits in a 4U 19” rack with 

frequency multiplexing and calibration-free 

MW channels. Real-time IIR and FIR 

predistortion filters are further added to 

battle linear distortions like in-cable 

reflections, on-chip charging effects and the 

skin effect [2,3]. This enables back-to-back 

operations in arbitrary control flows 

(feedback and feedforward), which are not 

possible with in-software precompiled 

waveform programs. The proprietary SYNQ 

protocol, coupled with Q1 sequencer's real-

time precision of 1 ns timegrid, allows 

generating advanced and coherent control 

pulse sequences with minimal jitter of a few 

picoseconds, low drift and low 1/f noise. The 

LINQ protocol assures fast-scalable 

feedback with all-to-all connectivity for 

active reset operations and error mitigation 

algorithms. 

 

 

 

 

Together with the newly launched Qubit 

Timetag module that hosts 8 configurable 

digital input and output channels, Qblox's 

Quantum Control Stacks provide an 

integrated and scalable solution for most 

common qubit modalities to pave the way 

to quantum advantage. 
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Abstract  

 

Here I will present some of the latest 

developments being carried by the tech 

team of Multiverse Computing, the largest 

quantum software company in Europe. In 

particular, I will sketch briefly quantum and 

quantum-inspired AI applications such as 

the compression of Large Language Models 

[1], variational quantum attacks on 

cybersecurity protocols [2], classical 

simulation of quantum processors [3], and 

other industry-related topics. A brief 

explanation on the status of quantum and 

quantum-inspired software for industry will 

be discussed.  
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The flux-based controlled-phase (CZ) gate 
offers potential speed-ups for two-qubit 
entangling gates, by operating at the speed 
limit of the transverse coupling between the 
computational and non-computational  
states. The scheme entails flux control of 
transmon frequency using a unipolar or 
bipolar square pulse. While ideally, the 
population exchange between the |1,1> 
and |0,2> states near resonance should 
show symmetric chevron-like oscillation 
patterns around the target flux amplitude, 
experiments reveal asymmetries that impact 
fidelity of flux-based gates. Using a physics-
informed machine learning model to 
minimize the Euclidean distance between 
experimental and simulated chevrons, we 
learnt pulse distortions occurring down the 
control line, besides learning some relevant 
system Hamiltonian parameters. Our 
framework complements the Cryoscope 
technique of measuring the step response of 
flux control lines, as we also model pulse 
distortions after digital-to-analog conversion 
in the control stack. The model achieves a 
99.5% match with experimental chevron 
data for unipolar flux pulses and was 
validated for chevrons obtained for bipolar 
pulses. We shed light on the physical 
implication of the learnt parameters and lay 
out actionable insights about correcting the 
pulse distortions to improve fidelity of the flux-
based gates. 
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Figures 
 

 
 

Figure 1: Validation of the Model Learning 
process through prediction of Bipolar CZ 
distorted chevrons from simulations. 
 
 
 

 
 

Figure 2: Application of Model Learning process 
to improve Bipolar CZ gates as demonstrated 
through correction of the chevron plots. 
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In this talk we will discuss the latest solutions 

offered by Keysight to tackle the major 

challenges faced in the development of 

quantum systems. Such challenges impose 

several requirements on both the design 

tools and the quantum control system. We 

propose a holistic approach that can solve 

the development challenges from quantum 

bit (qubit) design to the measurement of 

fabricated devices [1, 2]. Our solution 

includes integrated design tools (Figure 1), 

excellent signal quality, precise phase 

coherency, fast real-time processing, and 

massive scalability to control and read out 

thousands of qubits (Figure 2). The talk will 

describe our completely integrated 

workflow based on the new design software 

QuantumPro [3] and the high-performance 

Quantum Control System (QCS) [4] from 

Keysight. 
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Figure 1: Integrated EDA (Electronic Design 

Automation) tools from circuit design to EM 

(Electro-Magnetic) simulations and layout. 

 

 
 

 
 

Figure 2: Implementation of a highly scalable 

modular quantum control system to measure 

thousands of qubits. 
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Quantum computation holds immense promise 
for revolutionizing physics research and our 
understanding of nature. However, the reliability 
of qubits, the basic building blocks of quantum 
computers, poses a significant challenge. 
Millions of physical qubits are required in 
quantum processing units (QPUs) to ensure 
robust and accurate computation. Presently, 
QPUs are limited to fewer than a hundred 
qubits and are hindered by tedious 
characterization and tune-up processes that 
rely on manual intervention. This slow 
development pace impedes progress in both 
QPU scalability and quantum computing 
applications. 
 
To expedite QPU development, we require 
innovative tools and an automated approach. 
Quantum EDGE [1], a software platform 
developed by QuantrolOx streamlines QPU 
tune-up through automation, providing deep 
insights into qubit parameters, enhancing chip 
fabrication and characterization efficiency, and 
accelerating qubit advancements in academia 
and industry. 
 
We develop Quantum EDGE at Bluefors lab [2] 
in Delft on 5-qubit Soprano [3] chips made by 
QuantWare. Qubits are flux tunable transmons 
with fixed coupling. The qubits are controlled 
and measured through Quantum EDGE that 
seamlessly integrates control electronics from 
Qblox [4], Quantum Machines [5], and Zurich 
Instruments [6], allowing users to focus on QPU 
development. During this presentation, we 
share latest results, demonstrating a two orders 
of magnitude improvement in QPU 
characterization speed, reducing it from days to 
minutes across the 5-qubit chip. Future 
developments include extending this speed 
enhancement to larger QPUs, verifying different 
superconducting qubit modalities, and 
implementing automation for 2-qubit gates. 
. 

 

 

 

 

 

 

 

 

References 

 

[1] QuantrolOx Quantum EDGE, 

https://quantrolox.com  

[2] Bluefors service lab Delft, 

https://bluefors.com/services/bluefors-

lab 

[3] QuantWare Soprano, 

https://www.quantware.com/product

/soprano 

[4] Qblox, https://www.qblox.com 

[5] Quantum Machines, 

https://www.quantum-machines.co 

[6] Zurich Instruments, 

https://www.zhinst.com 

 

 

 

 

 

 

131

https://quantrolox.com/
https://bluefors.com/services/bluefors-lab
https://bluefors.com/services/bluefors-lab
https://www.quantware.com/product/soprano
https://www.quantware.com/product/soprano
https://www.qblox.com/
https://www.quantum-machines.co/
https://www.zhinst.com/


 

QUANTUMatter2024 
 

From Majorana to Andreev and back 
 

Ramon Aguado 
 

ICMM-CSIC, Spain 

 

raguado@icmm.csic.es 

 

 

 

Subgap Andreev bound states (ABS)s near 

zero energy are ubiquitous in 

semiconductor-superconductor hybrid 

devices due to various physical 

mechanisms, making unambiguous 

Majorana detection extremely difficult. 

Interestingly, this Majorana versus Andreev 

controversy [1] has helped us to understand 

that, far from being a disadvantage, the 

presence of ABSs can be used to design 

new qubit concepts.  One promising route is 

to encode a qubit in the spin of a 

quasiparticle occupying an ABS in a 

quantum dot-based Josephson junction 

[2,3]. Embedding such superconducting spin 

qubit in a superconducting transmon circuit, 

allows an intrinsic spin-supercurrent coupling 

providing an optimal interface with circuit 

quantum electrodynamics for coherent 

control, readout and strong coherent qubit–

qubit coupling [4]. By extending this idea to 

Josephson junctions based on a minimal 

chain of four quantum dots one could 

demonstrate a minimal Majorana-Transmon 

qubit based on non-local fermion parity [5]. 
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Abstract  

 

In this tutorial, first a general review of 

molecular beam epitaxy (MBE) basics with a 

particular focus on 2D materials and van der 

Waals heterostructures will be presented.  

Emphasis will be given on the merits of MBE 

compared to other thin film deposition 

techniques.  Subsequently, the focus will be 

on the influence of the substrate and in-situ 

surface preparation techniques on the 

structural quality and physical properties of 

the 2D materials. In-situ surface analytical 

techniques will be discussed such as STM 

and RHEED for the imaging of surfaces with 

atomic resolution and ARPES for the imaging 

of the electronic band structure. Particular 

attention will be given to 2D materials with 

non-trivial topology in reciprocal space such 

as topological insulators [1], Td-MoTe2 Weyl 

semimetals [2] and HfTe2, ZrTe2 Dirac 

semimetals [3]. Similarly, ferromagnetic 2D 

metals (e.g Cr1+δTe2, FexGeTe2) [4, 5] with 

skyrmion topological structures in real space 

will be discussed  

 

 

References 

 

[1] S. Fragkos et al., Phys. Rev. Mater. (2021) 

5, 014203 

[2] P. Tsipas et al., Adv. Funct. Mater. (2018), 

1802084. 

[3] P. Tsipas et al., ACS Nano 12 (2018) 1696 

[4] N. Figueiredo-Prestes et al., Physical 

Review Applied (2023) 19, 014012  

[5] E. Georgopoulou-Kotsaki et al., Nanoscale 

(2023) 15, 2223 

 

 

 

 

 

Figures 

 

 
 

Figure 1: After Ref [2] MBE growth of Weyl 

semimetal orthorhombic non-centrosymmetric 

phase Td-MoTe2.  

 

 
 

 
 

Figure 2: After Ref [3] In-situ ARPES of MBE grown 

1T-ZrTe2 showing massless Dirac fermions at the 

zone center 
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In this talk a new field that classifies all 

topological crystalline phases of all known 

materials will be introduced: Topological 

Quantum Chemistry (TQC). It links the 

chemical and symmetry structure of a given 

material with its topological properties. This 

field tabulates the data of the 10398 real-

space atomic limits of materials, and solves 

the compatibility relations of electronic 

bands in momentum space. A material that 

is not an atomic limit or whose bands do not 

satisfy the compatibility relations, is a 

topological insulator/semimetal. We use TQC 

to find the topological stoichiometric non-

magnetic, materials in the Inorganic Crystal 

Structure Database at any filling. 

Topologically nontrivial materials were once 

thought to be the exception rather than the 

rule. In this talk I will show you that, by means 

of high-throughput computations, many 

more materials are topological than was 

initially thought. We have made our results 

publicly accessible through the  

https://topologicalquantumchemistry.com/ 
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Figure 1: Topological Materials Database: 

https://topologicalquantumchemistry.com/ 
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Conventional magnets can be divided in 

two basic classes – ferromagnets and anti- 

ferromagnets. In the first part of the talk, we 

will recall that the ferromagnetic order offers 

a range of phenomena for energy efficient 

IT, while the vanishing net magnetization in 

antiferromagnets opens a possibility of 

combining ultra-high energy efficiency, 

capacity and speed of future IT [1-4]. In the 

main part of the talk we will move on to our 

recent predictions of instances of strong 

time-reversal symmetry breaking and spin 

splitting in electronic bands, typical of 

ferromagnetism, in crystals with antiparallel 

compensated magnetic order, typical of 

antiferromagnetism [5-8]. We resolved this 

apparent fundamental conflict in 

magnetism by symmetry considerations that 

allowed us to classify and describe a third 

basic magnetic class [6,7]. Its alternating spin 

polarizations in both crystal-structure real 

space and electronic-structure momentum 

space suggested a term altermagnetism. A 

d-wave spin-polarization order in 

altermagnets is a direct counterpart of the 

unconventional d-wave superconducting 

order in cuprates. We will discuss predictions 

and initial experimental verifications [9,10] in 

which altermagnets combine merits of 

ferromagnets and antiferromagnets, that 

were regarded as principally incompatible, 

and have merits unparalleled in either of the 

two conventional magnetic classes. We will 

introduce the broad materials landscape of 

altermagnetism and show how its 

unconventional nature enriches 

fundamental concepts in condensed matter 

physics, such as the Kramers theorem [10]. 

We will show that this underpins a 

development of a new avenue in spintronics, 

elusive within the two conventional 

magnetic classes, based on strong and 

conserving spin phenomena, without 

magnetization imposed scalability limitations. 
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Semiconductor quantum dots possess state-

of-the-art single photon emission, making 

them highly attractive for quantum network 

applications. Their adoption as quantum 

nodes has however been limited by their 

lack of ancillary quantum registers. In this 

talk, I will present recent advances in 

realizing a many-body quantum register 

from the ~10^5 nuclear spins that constitute 

a quantum dot. In particular, I will highlight 

the transformative nature of the 

homogeneous nuclear environment 

provided by recent lattice-matched GaAs 

quantum dots. 
 

136



 

QUANTUMatter2024 
 

A network of trapped-ion quantum computers 
 

Gabriel Araneda  
 

University of Oxford, UK 

 

gabriel.aranedamachuca@physics.ox.ac.uk 

 

 

 

Trapped ions are a leading platform for 

quantum computing due to their long 

coherence time, high level of control over 

internal and external degrees of freedom, 

and the natural full connectivity between 

qubits. Single and multi-qubit operations 

have been performed with high fidelity 

(>99.9%), enabling the demonstration of 

small universal quantum computers (approx. 

10 atoms). However, scaling up to larger sizes 

remains a challenge. In our experiment, we 

aim to demonstrate the first operational and 

fully controllable two-node quantum 

computer, where each node consists of 

small-scale quantum processors connected 

via photonic entanglement. We use two ion 

trap systems to confine mixed chains of 

Strontium and Calcium ions. 43Ca+ has 

excellent qubit coherence properties, while 

88Sr+ has a convenient internal structure for 

generating photonic entanglement. Single 

422 nm photons emitted by the Strontium ion 

are used to generate remote entanglement. 

We recently achieved a remote Strontium-

Strontium entanglement fidelity of 96.0(2) % 

at a rate of 100 entangled events/s, along 

with an average CHSH violation of 2.65. 

In this talk, I will present our latest results using 

this elementary quantum networks, 

including the implementation of a long-lived 

(>10s) memory qubit into our mixed-species 

trapped-ion quantum network nodes [1]; 

and how to use one of these nodes to 

implement simple instances of Blind 

Quantum Computing [2]. 

Furthermore, I will present the demonstration 

of secure quantum communications 

between the nodes of our network, certified 

by continuous violation of the CHSH 

inequality (DIQKD), and the demonstration 

of the first quantum network of entangled 

optical atomic clocks 
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Superfluid stiffness measurements offer a 
powerful probe of the superconducting 
state and a primary means to characterize 
their pairing symmetries. While a range of 
techniques are available for bulk materials 
to measure superfluid stiffness, for two-
dimensional (2D) materials with a small 
sample volume and low transition 
temperatures, alternative methods are 
required. Inspired by recent advances in 
quantum measurement technologies, we 
develop a radio-frequency reflectometry 
technique adapted to measure the 
superconducting kinetic inductance in 2D 
materials at milliKelvin temperatures.  
 
We apply this technique to twisted 
graphene where superconductivity is highly 
unusual, occurs at extremely low carrier 
densities, and shows strong parallels with 
high-Tc superconductors including proximity 
to a correlated insulating state [1,2,3]. 
Although hotly debated, superconductivity 
in this system has been investigated primarily 
using transport measurements which carry 
little information about the nature of 
superconductivity. Therefore, important 
questions such as the pairing symmetry and 
the role of interactions remain unanswered. 
We measure superfluid stiffness as a function 
of temperature, supercurrent bias and 
carrier density across the entire 
superconducting dome in both the electron 
and hole doped sectors of twisted multilayer 
graphene samples. We provide 
interpretations for possible superconducting 
pairing symmetries and discuss the role of 

electronic correlations towards 
superconductivity.  
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Figure 1: (a) Four-terminal resistance as a 
function of filling u (b) Corresponding S21 
measurement of the resonator as a function of 
gate voltage VG, where u =VG/20. The resonator 
shows clear frequency shifts at the transitions 
into superconducting states at u=-2 and u=2. 
 
 
 

 
 

 

 

 

 

 

Figure 2: (a) Extracted resonator frequency fr 

within the “hole-like” superconducting dome as 
a function of VG and temperature T. (b) Inverse 
resonator frequency 1/fr as a function of 
temperature at VG=-45 V (u=-2.25). The inverse 
resonance frequency is proportional to 
superfluid stiffness. 
 
 

a 

b 
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Biased-noise qubits have been proposed as 

a key resource for practical quantum error 

correction, enabling fault-tolerant 

measurements of error syndromes [1] and 

improved thresholds of surface codes [2].  

One promising biased-noise qubit is the Kerr-

cat, which is realized by squeezing a Kerr-

nonlinear oscillator [3]. Kerr-cats have been 

experimentally realized [4] but to date have 

not been coherently coupled to another 

system, which is essential for delivering on the 

proposed applications of biased-noise 

qubits.  Here we experimentally realize driven 

parametric coupling of a Kerr-cat qubit to a 

high-quality-factor microwave cavity and 

demonstrate universal control of the 

combined system. We measure the 

decoherence of the cavity in the presence 

of the Kerr-cat and discover excess 

dephasing due to heating of the Kerr-cat 

outside its computational subspace. By 

engineering frequency-selective dissipation 

to counteract this heating [5] we are able to 

mitigate this dephasing. Our results pave the 

way toward integrating Kerr-cats into 

practical quantum computing architectures. 
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Figures 
 

 
Figure 1: (a) Schematic of the experimental 

architecture for coupling a Kerr-cat qubit 

(realized in a SNAIL mode, pink) to a high-Q 

storage cavity. (b)  Experimental characteristic 

function tomography of a coherent state in the 

storage cavity, demonstrating universal control 

of the composite Kerr-cat-cavity system [6]. 
 

 
Figure 2: (a) Measured characteristic function 

(CF) of the (|0⟩ + |1⟩)/√2 state prepared in the 

storage cavity. By measuring the CF at four 

distinct points we can reconstruct the 

expectation values of the Pauli operators of the 

cavity fock qubit (spanned by the |0⟩ and |1⟩ 
states). (b) Evolution of the expectation values 
⟨𝑋〉, ⟨𝑌〉, ⟨𝑍〉 of the cavity fock qubit as a function 

of time, from which we can determine 𝑇1 and 

𝑇2. (c) Excess dephasing of the storage cavity in 

the presence of the Kerr-cat, which we are able 

to mitigate by engineering frequency-selective 

Kerr-cat cooling [5]. 

139



 

QUANTUMatter2024 
 

A gate tunable transmon qubit in planar Ge  
 

Alessandro Crippa1,2 
Oliver Sagi1, Marco Valentini1, Marian Janik1, 

Levon Baghumyan1, Lucky Kapoor1, Farid 

Hassani1, Stefano Calcaterra3, Daniel 

Chrastina3, Giovanni Isella3, and Georgios 

Katsaros1 

 

ISTA, Am Campus 1, Klosterneuburg, Austria 

NEST, Piazza San Silvestro 12, Pisa, Italy 

L-NESS, via Anzani 42, Como, Italy 

 

alessandro.crippa@nano.cnr.it 

 

 

Gate-tunable transmons (gatemons) 

employing semiconductor Josephson 

junctions have emerged as new building 

blocks for hybrid quantum circuits [1-3]. 

Here, we demonstrate and characterize a 

gatemon on planar Ge. We induce 

superconductivity in Ge by evaporating 

aluminum atop a thin spacer, which 

separates the superconductor from the 

quantum well [4]. The Josephson junction is 

capacitively coupled to a transmission line 

resonator. We reach the qubit-resonator 

strong coupling regime and showcase the 

qubit's tunability in a broad frequency 

range with one and two-tone 

spectroscopy. Time-domain measurements 

reveal energy relaxation and coherence 

times up to 75 ns. Our results, combined 

with the recent advances in Ge spin qubits 

[5, 6], pave the way towards Andreev spin 

qubits in a group-IV, CMOS-compatible 

material. 
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Figures 

 

 
Figure 1: a) Device layout from the cQED parts 

down to the nanosized Ge junction. b) Cross-

section of the wafer stack along the red line in 

the panel above. 

 

 
Figure 2: Characterization of the qubit times T1 

and T2* in panel a) and b), respectively. Both 

dataset acquired at a qubit frequency of 2.8 

GHz.  
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The on-chip sensing of electromagnetic 

fields on very short time scales is a 

notoriously difficult challenge. On chip 

systems such as rf-SETs, QPC, rf-SQUIDS or 

quantum dots have a bandwidth in the 

tens of MHz. On the other hand, the 

development of solid state quantum 

technologies in the microwave to THz 

range calls for the development of sub-

nanosecond time resolved sensors of the 

electromagnetic field. 

 

In this presentation, we discuss how recent 

progress in the generation and 

characterization of single electron wave 

packets in quantum conductors [1,2,3] can 

help us reach such short time scales. We will 

show how single electron interferometers 

be used as a time resolved sensors of the 

quantum noise of an electromagnetic field 

with a few tens of pico-second time 

resolution [3].  As an example, we will 

explain how a single electron wave packet 

can be used to detect sub vacuum 

fluctuations (squeezing) of microwave 

radiation as well as to map the energy 

profile of a single microwave photon in the 

time domain [4]. 
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Figures 

 

 

 

Figure 1: Scheme of principle for sensing 

electromagnetic fields with single electrons: an 

electronic Mach-Zehnder interferometer is fed 

by a single electron source S. The interference 

pattern is then sensitive to the external radiation 

interacting with one branch of the 

interferometer via capacitive coupling within 

the radiation coupler. The quantum noise of the 

radiation then alters@ the interference pattern 
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In quantum communication research, the 

ultimate goal is to distribute entanglement 

between remote quantum nodes [1]. In this 

prospect, the indistinguishability of single 

photons emitted from these nodes is a 

crucial parameter that dictates the overall 

entanglement rate one can achieve in a 

quantum network.  

Here, we demonstrate highly 

indistinguishable two-photon interference 

involving single photons emitted from two 

different and completely independent cold-

atomic quantum nodes.  

The first quantum node is a quantum 

repeater link based on the generation of 

atom-photon entanglement while the 

second node consist of a fully-blockaded 

Rydberg cold atomic ensemble as a 

deterministic source of photons [2].  

This experiment opens up new possibilities for 

the interconnection of hybrid quantum 

nodes via entanglement. 
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Figure 1: Experimental setup and relevant level 

scheme. Node 1 is a cold atomic ensemble 

based on probabilistic generation of atom-

photon entanglement. Node 2 is based on the 

deterministic generation of single photons via 

Rydberg blockade. 

 

 

 
 

 

Figure 2: Temporal modes of the single photons 

emitted from Node 1 and Node 2. Grey lines 

indicate the windows used for the interference 

analysis. We compare the visibility we obtain 

when analyzing the full pulse with the case 

when we analyse 75% of all photon counts. 
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The Josephson junction is a building block of 

quantum circuits. Its behavior, well 

understood when treated as an isolated 

entity, is strongly affected by coupling to an 

electromagnetic environment. In 1983 

Schmid [1] predicted that a Josephson 

junction shunted by a resistance exceeding 

the resistance quantum RQ = h/4e2 ≈ 6.45 

kΩ for Cooper pairs would become 

insulating since the phase fluctuations would 

destroy the coherent Josephson coupling. 

Such transition is nowadays a matter of big 

experimental and theoretical debate [2,3].  

 

In spite of this intense activity little is known 

regarding this system properties beyond dc 

charge transport.  Motivated by recent 

experiments [4] in this work we analyze 

photonic heat transport through a 

Josephson junction in a dissipative 

environment. For this purpose we derive the 

general expressions for the heat current in 

terms of non-equilibrium Green functions for 

the junction coupled in series or in parallel 

with two environmental impedances at 

different temperatures. We show that even 

on the insulating side of the Schmid 

transition the heat current is sensitive to the 

Josephson coupling exhibiting an opposite 

behavior for the series and parallel 

connection and in qualitative agreement 

with experiments. We also predict that this 

device should exhibit heat rectification 

properties and provide simple expressions to 

account for them in terms of the system 

parameters.   . 
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Circuit Quantum Electrodynamics (QED) is 

enormously powerful, allowing, e.g., the 

manipulation and interrogation of 

superconducting or magnetic qubits and 

quantum sensing of individual spins. All these 

interesting applications are built upon the 

condition of strong coupling between the 

qubit and a quantized field of excitations. 

Besides photons, the solid state offers a wide 

variety of bosonic excitations that can be 

emitted or absorbed such as, e.g., 

magnons, the quantum version of spin 

waves. Magnonic cavities are expected to 

play an important role since they shall allow 

building coherent qubit-qubit interactions 

between distant spin qubits, a challenge 

difficult to overcome with conventional 

electromagnetic cavities. One fundamental 

step towards achieving this goal is the 

integration of magnonic cavities into 

superconducting circuits, commonly 

employed for qubit manipulation and 

readout.  

 

In this context, we present our progress in 

integrating patterned magnetic 

nanostructures into superconducting 

devices and their coupling to spin qubits. 

We perform broadband ferromagnetic 

resonance measurements and cavity 

experiments that demonstrate that the 

magnon-photon coupling strength can be 

estimated using either open 

superconducting transmission lines or 

resonant cavities, yielding very good 

agreement [1]. Finally, we investigate the 

coupling between topologically protected 

magnons and spin qubits (see Figure). The 

former are extremely stable magnetic 

textures exhibiting a very rich dynamical 

behavior in the sub-GHz to tens of GHz 

range. We focus on the coupling of 

individual spin qubits to vortex cavities for 

sensing and quantum computing 

applications [2]. 
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Figure: Spin qubit coupled to a magnetic vortex 

 

 
 

 

 

 

 

 

 

 

144



 

QUANTUMatter2024 
 

Evidence for chiral supercurrent in quantum Hall 

Josephson junctions 
 

 

 

 

David Perconte  
Hadrien Vignaud, Wenmin Yang, Bilal Kousar, 

Edouard Wagner, Frédéric Gay, Kenji 

Watanabe, Takashi Taniguchi, Hervé Courtois, 

Zheng Han, Hermann Sellier, and Benjamin 

Sacépé 

 

Institut Néel, CNRS, 25, avenue des martyrs, 

Grenoble, France.  

 

david.perconte@neel.cnrs.fr 

 

 

We present evidence that ultra-narrow 

Josephson junctions defined in 

encapsulated graphene nanoribbons 

exhibit a chiral supercurrent, visible up to 8 T, 

and carried by the spin-degenerate QH 

edge channel. 2Φ0 periodic oscillation of the 

supercurrent emerge at constant filling 

factor that is when the area of the loop 

formed by the QH edge channel is 

constant. By varying the junction geometry, 

we show that reducing the 

superconductor/normal interface length is 

pivotal to obtain a measurable supercurrent 

on QH plateaus, in agreement with theories 

predicting dephasing along the 

superconducting interface. Our findings 

mark a critical milestone along the path to 

explore correlated and fractional 

QH-based superconducting devices that 

should host non-Abelian Majorana and 

parafermion zero modes. 
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Figure 1: Schematics of the Josephson junction 

consisting of a graphene nanoribbon 

encapsulated in hexagonal boron nitride (hBN) 

resting atop a graphite back-gate electrode. 

Edge contacts are made of superconducting 

MoGe electrodes. Under magnetic field, 

charge carriers of the QH edge channel 

undergo successive Andreev reflections along 

the superconducting electrode, which convert 

incident quasi-electrons (blue channel) into 

quasi-holes (red channel) and vice-versa, as 

illustrated with semi-classical cyclotron 

trajectories in the insert. This electron-hole 

mixture forms a CAES (dashed blue-red 

channel) along the interface. 
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Recently, the application of transmon arrays 
as analog quantum simulators has received 
growing interest. Here, photonic excitations 
in the array behave as strongly interacting 
particles according to the Bose-Hubbard 
model. Work in this area has centered 
around one- and quasi-one-dimensional 
dynamics problems [1-6]. 
 
We study a two-dimensional, 4-by-4 square 
array of tunable transmon superconducting 
qubits with capacitive coupling between 
nearest neighbors. Rather than preparing a 
definite state, we simultaneously drive all 
lattice sites, generating highly entangled 
many-body states [7]. We extract the 
entanglement entropy of the states, 
observing volume-law entanglement 
scaling for states at the center of the 
energy spectrum and a crossover to the 
onset of area-law scaling near its edges [8]. 
 
Second, we discuss the emulation of 
magnetic fields in the superconducting 
processor. Magnetic fields are a central 
ingredient in many Hamiltonians of interest. 
Here, we introduce a scheme to generate 
synthetic magnetic fields by parametrically 
modulating the transmon qubits [9]. We 
verify key signatures of the field’s presence, 
including the Aharonov-Bohm effect, 
gauge invariance, and the Faraday effect. 
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Figure 1: The second Renyi entropy, as 
extracted from full state tomography of 
subsystems, versus subsystem volume. Entropies 
of superposition states with three different 
energies are shown. 
 

 
 

Figure 2: Aharonov-Bohm interference in a 12-
site ring. A photon is prepared on one corner of 
the ring (teal). The population at the opposing 
corner (orange circle) is measured as a function 
of time and synthetic magnetic flux.  
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Abstract 

 
Quantum computers (QC) promise to solve 
computational challenges in chemistry by requiring 
only linear resource scaling. However, almost all 
chemical applications of QC have focused on static 
molecular properties, usually energies, making 
them unsuitable for addressing chemical dynamic 
problems, especially in strong vibronic (vibrational + 
electronic) coupling regimes where the Born-
Oppenheimer approximation breaks down. Here, 
we show that vibronic Hamiltonians representing 
ultrafast molecular dynamics can be scalably and 
efficiently simulated on a mixed qudit-boson (MQB) 
simulator that provides order-of-magnitude 
resource savings compared to conventional qubit-
only approaches [1]. We performed two 
experiments in a programmable trapped-ion MQB 
simulator. First, shown in Fig. 2, we observed 
geometric-phase interference in the dynamics of a 
nuclear wavepacket travelling around an 
engineered conical intersection [2]. Second, we 
extended the MQB approach to predict the 
molecular vibronic absorption spectrum of a 
sulphur dioxide molecule, see Fig. 2 [3]; our method 
offers better scalability by performing quantum 
simulation in the time domain; the number of 
required measurements depends on the desired 
spectral range and resolution, not molecular size.  
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Figure 1: We performed a trapped-ion 

experiment directly detecting a geometric 

phase in dynamics around a conical 

intersection (CI). Our results track the 

wavepacket evolution dynamics, revealing the 

clear destructive interference as the 

wavepacket originally displaced from the CI (at 

t = 0) encircles the CI at t = T. Our work 

demonstrated remarkable hardware efficiency; 

we performed using a single trapped ion to 

solve a problem that otherwise would have 

required many qubits on a qubit-based QC.  

 

 
 

Figure 2: We predict the vibrational-electronic 

spectrum of a sulphur dioxide (SO2) molecule 

(red) with exceptional accuracy when 

compared to the spectroscopically observed 

spectrum at 320 K (grey).  
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The realization of large scale quantum 

networks requires the distribution of  

entanglement over large distances. In this 

long-range regime, direct transmission is 

prohibitive due to losses in optical fibers. 

Quantum repeaters are predicted to 

overcome direct transmission and allow 

entanglement distribution at a continental 

scale. Most quantum repeater schemes rely 

on the storage of quantum states into 

quantum memories. In order for memories to 

be useful in practical implementations, they 

must exhibit several features including a 

long storage time, a high storage efficiency 

and a large multiplexing capability. Solid-

state quantum memories based on rare-

earth doped solids promise excellent 

performances in terms of storage time and 

multiplexing capability [1].  

 

The efficiency of quantum memory 

protocols decays exponentially with storage 

time due to the limited coherence time of 

the material. This severely limits the 

applicability of the quantum memory. 

Storage in a spin-state has the advantage, 

that spin-rephasing techniques can be 

applied to mitigate the decay of the 

efficiency with longer storage time.  

 

The efficiency for spin-wave storage at the 

single photon level in a crystal was so far 

limited to around 31% using the spectral-

hole memory protocol [2] which does not 

allow temporal multiplexing. The highest 

efficiency using spin-wave-storage with the 

atomic frequency comb protocol (AFC), 

which features intrinsic temporal multiplexing 

capability, was reported by Jobez et al [3] 

with 12% for bright classical pulses.  

To compensate for the limited optical depth 

available in rare-earth doped crystals, it was 

suggested to place a weakly absorbing 

sample in an impedance matched optical 

cavity [4]. So far, this technique was 

demonstrated at quantum level only for 

storage in excited state, without on-

demand read-out. Here we report the first 

demonstration of a cavity enhanced spin-

wave quantum memory with on-demand 

read-out. Using the AFC in a Pr doped 

crystal, we reached a device efficiency 

over 38% for storage in the spin-state.  

Maintaining a good signal-to-noise ratio is 

more challenging for storage in the spin-

state than in the excited state. In our case, 

we reached a signal-to-noise ratio of about 

18 with a mean input photon number of 0.9, 

making it feasible to store photons from a 

SPDC source. We further investigated the 

effect of the impedance-matched cavity 

on the noise level and characterized 

efficiency and signal-to-noise ratio as a 

function of the input photon’s bandwidth 

and storage time (see Figure 1).   

 
Figure 1: Scan of the device efficiency as a 

function of the on-demand storage time.  
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Controlling the properties of quantum 
materials via external stimuli is a key topic in 
modern condensed-matter physics. Due to 
its intrinsic quantum nature, light plays 
several roles: generating and controlling 
excited states, and forming hybrid 
quasiparticles with other excitations in 
solids. To unlock quantum advantage in 
electronic, photonic and energy 
technologies it is required to create new 
materials and manipulate their properties. 
To reach this goal we develop theory and 
simulation techniques to fully describe the 
interaction between light (photons), bound 
electron-holes pairs (excitons) and lattice 
vibrations (phonons) without adjustable 
parameters in a quantum many-body 
framework [1]. Using this approach, we 
compute optical properties of 2D materials 
and heterostructures and predict how 
these properties can be controlled by 
defect engineering, strain, or twisting. For 
instance, we find that vacancies in 
Transition Metal Dichalcogenides can 
univocally be identified by their absorption 
spectra and used as carriers of quantum 
information [2]. Further, we demonstrate 
the essential role played by exciton-
phonon interaction in photoluminescence 
of negatively-charged boron vacancy in 
2D hexagonal boron nitride [3], in 
achieving long spin-relaxation times in TMDs 
[4], and in characterizing the valley profile 
in TMDs [5]. We find intralayer and interlayer 
excitons in TMD heterostructures and use 
twisting to tune their absorption energy. 
Tunable materials are promising platforms 
for application in quantum information, 
quantum sensing, and quantum transport. 
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Figures 

 
Figure 1: Excitonic wavefunction for an 
excitonic state localized on a W vacancy in 
WS2. The electronic charge is highly localized 
near the missing W atom, indicating the 
formation of a quantum dot. Ref. [2] 
 

 
Figure 2: Theoretically predicted phonon-
assisted luminescence normalized and 
compared to experiments. The insets shows the 
theoretical and experimental curves after 
aligning the zero phonon lines (ZPLs). Ref. [3] 
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Abstract  

 

The second harmonic (2ω) nonlinear Hall 

effect (NLHE) [1,2] is both technologically 

relevant2 and fundamentally important. On 

one hand, it can potentially bring a 

paradigm shift in logic and energy-

harvesting technologies by replacing the 

age-old interface-based devices with their 

bulk crystal-based counterparts [3]. On the 

other hand, it provides rich information on 

the locations of saddle points [4] and flat 

bands and directly probes topological 

phase transitions in atomically thin Chern 

insulators [5]. Obtaining such information on 

electronic properties is crucial in the case 

of heterostructures of atomically thin 

quantum materials, where structural 

symmetry engineering and thermo-

dynamically tunable complex quasiparticle 

bands coexist. In this work, we 

experimentally study NLHE on inversion 

symmetry broken high-quality bilayer 

graphene (BLG) as a function of doping (n) 

dielectric displacement filed (D) and 

temperature (T). Our results reveal an 

unforeseen duopoly of extrinsic scattering 

and interfacial strain-induced intrinsic Berry 

curvature dipole (BCD), whose sign and 

magnitude can be tuned by n and/or D 

near the low energy band edge of BLG. 

The second harmonic generation efficiency 

VXX(Y)
2ω/VXX

ω 2 in BLG is ∼ 50 V−1, highest 

among all scalable materials. Moreover, n 

− D dispersion of the sign change of VXX(Y)
2ω 

traces out the topologically relevant Lifshitz 

transitions in BLG. Our work establishes BLG 

as a highly tunable platform to generate 

NLHE, which in turn probes the fascinating 

low-energy electronic structure in Bilayer 

graphene. 

 

References 

[1] Z. Z. Du et al. Nat. Commun. 10, 3047 

(2019). 

 

[2] M. S-Rodríguez et al. Phys. Rev. Lett. 132, 

046303 (2024) 

 

[3] H. Isobe et al. Sci Adv. 6, 13 (2020). 

 

[4] P. He et al. Nat. Nanotechnol. 17, 378–

383 (2022). 

 

[5] S. Sinha et al. Nat. Phys. 18, 765–770 

(2022). 

Figures 

 

 
 

Figure 1:  n-D phase space of VXX
2ω/VXX

ω 2 

collected from one of our samples. The 

dashed lines indicate sign changes at 

charge neutrality and at Lifshitz transitions.  
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Harnessing the quantum degrees of 

freedom has become an essential 

paradigm for sustainable technological 

development. In 2D materials, the 

combination of spin-orbit coupling and 

reduced crystalline symmetries gives rise to 

the Rashba-Eddelstein which enables 

electrical control of the spin degree of 

freedom of electrons. It is a common belief 

that global inversion asymmetry is required 

to the existence of such effect. However, 

there is experimental data has confirmed 

this prediction and evinced the existence of 

opposite helical spin textures on the atomic 

planes of centrosymmetric 1T PtSe2 [1,2]. The 

1T family of TMDs has not received as much 

attention as the other TMD polytypes and 

their topological aspects and properties are 

just being explored. Recent works from 

orbitronics -the orbital angular momentum 

analogue of spintronics- have inquired into 

their topological properties and 

demonstrated that the orbital angular 

momentum transport in these systems 

coexists with a higher-order topological 

phase [3]. In this work, we leveraged first-

principles calculations and tight-binding 

models extracted from these, with symmetry 

analyses and large-scale transport 

simulations to demonstrate that the 

electrostatic origin of helical layer-localised 

spin and orbital textures and demonstrate 

their overlooked applicability for proximity 

effects and present an electrical probe for 

it. 

References 

 

[1] Yao, W., et al. Nature 

communications, 8, 1, (2017), 14216. 

[2] Clark, O. J., et al., Nature 

Communications, 13, 1, (2022), 4147. 

[3] Costa, M., et al. Physical Review 

Letters, 130(11), (2023)116204. 

 

Figures 

 

 
 

Figure 1 Real-space representation of the 

dipolar electric field in PtSe2 monolayers and 

schematic depiction of layer-projected spin 

textures. 
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Creating artificial quantum systems by choosing 

the position of atoms and their coupling is 
attracting as it opens to new band structure 

topologies. By carefully designing the artificial 

system, exotic phases could emerge such as 

topological insulating phases[1,2], Mott to 

superconductivty phase transition using flat 

band systems[3] or mimicking heavy fermion 

phases in a Kondo lattice[4]. Artifical systems 

have been realized using cold atom, polaritons 

and electrons[5-7]. Artificial electronic systems 

usually requires cryogenic temperature and 

nanometer scale size systems which make them 

incompatible with existing electronic setups. 

Moreover, designer artificial systems using the 

tip of a scanning tunnelling microscope to 

move atoms or molecules on a metallic 

surfaces, prevent any modification of the fermi 

level. Hence, no quantum simulations of exotic 

phase are possible. Patterning III-V 

semiconductors using e-beam lithography and 

etching is a promising top-down approach to 

create artificial systems in 2D materials by 

structuring it with an anti-dot lattice[8]. 

However, even if the Fermi level and the carrier 

density can be tuned, this technique suffer from 

high density defects after preparation, possibly 

hindering the emergence of topological 

properties. Bottom-up approaches such as 

Selective-Area Molecular Beam Epitaxy (SAMBE) 

proposes an alternative by depositing III-V 

semiconductors with controlled surfaces[9].  
 

This talk will present first, the SAMBE growth of in-

plane InGaAs and InSb quantum dots chains 

and second the characterization of the chains 

using scanning probe techniques. The 

morphology characterizations are done using 

atomic force microscopy (AFM) and scanning 

tunnelling microscopy (STM). The electronic 

properties are probed by tunnelling 

spectroscopy and finally, preliminary results on 

the modification of the Fermi level using side 

electrodes are measured using kelvin-probe 

force microscopy. The electronic properties will 

be compared to atomistic tight-binding 

calculations. 
 

This preliminary work is a step towards the 

quantum simulation of a Su-Schrieffer-Heeger 

model using III-V semi-conducting quantum 

dots chains. 
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Figure 1: Selective-Area Molecular Beam 

Epitaxy step to create III-V quantum dots 

chains. 
 

 

 

 

 

 

 

 

 

 

 

Figure 2: Scanning electron microscopy images 

of the SAMBE steps illustrated in figure 1. 
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Abstract 
Viscous electron flowing in graphene 
exhibits exotic signatures such as 
superballistic conduction. Twisting the 
geometry of the device is a must to observe 
hydrodynamic effects, and so, we have built 
different samples with different geometries, 
like nanoconstrictions, crenellated channels, 
Tesla valves and some others, designed to 
enhance hydrodynamic effects. We will 
show their electrical response as function of 
tempe-rature, carrier density and external 
magnetic field, finding for some of them 
scaling laws which help us discuss the 
different transport regimes. We support our 
findings with detailed simulations of the 
Boltzmann transport equation and have 
found an enhanced superballistic effect 
with a non-monotonic behaviour with the 
magnetic field. Our simulations provide the 
explanation for our experimental results 
contributing to a better under-standing of 
hydrodynamic transport and super-ballistic 
conduction. 
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Figures 
 

Figure 1: Optical images of two of our typical 
devices: a) Crenellated channel with a nano-
constriction.  b) Tesla valve geometry.  
 

 
 

 
 

a) 

b) 
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Solid-state cooling devices offer compact, 

quiet, reliable and environmentally friendly 

solutions that currently rely primarily on the 

thermoelectric (TE) effect. Despite more 

than two centuries of research, classical 

thermoelectric coolers suffer from low 

efficiencies which hampers wider 

application. In this study, the less researched 

Anomalous Ettingshausen effect (AEE), a 

transverse thermoelectric phenomenon, is 

presented as a new approach for on-chip 

cooling. This effect can be boosted in 

materials with non-trivial band topologies as 

demonstrated in the Heusler alloy 

Co2MnGa. Enabled by the high quality of 

our material, in situ scanning thermal 

microscopy experiments reveal a record-

breaking anomalous Ettingshausen 

coefficient in μm-sized on-chip cooling 

devices at room temperature. A significant 

boost of 44% of the effect by the intrinsic 

topological properties, in particular the Berry 

curvature of Co2MnGa, emphasises the 

unique potential of magnetic Weyl 

semimetals for high-performance spot 

cooling in nanostructures. 

 

Figures 

 

 
 

Figure 1: Anomalous Ettingshausen effect 

(bottom panel) and Joule heating (top panel) 

in “U”-shaped Co2MnGa micro devices. Scale 

bar: 10µm. 

 

 

 

 
 

Figure 2: Total Ettingshausen coefficient ΠAEE 

(grey bars) and its contributions Π1 (from Berry 

phase, blue bars) and Π2 (from spin-orbit 

scattering, red bars). 
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Abstract  

 

The discovery of emergent phases such as 

correlated insulators and superconductors in 

graphene-based moiré heterostructures 

offers a playground with a rich phase space 

that is electrostatically tunable. 

Here, we investigate superconductivity in 

magic angle twisted trilayer graphene 

(MATTG) by integrating it as the weak link in 

a SQUID (superconducting quantum 

interference device) loop. We study the 

current phase relation (CPR) of MATTG in 

various configurations by electrostatically 

tuning the two weak links. We show that 

superconducting MATTG has a large kinetic 

inductance up to 150~nH per square which 

is electrostatically tunable. This opens 

avenues for using MATTG as a tunable 

element in superconducting circuits. 
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Moiré materials provide a unique platform 

for studies of correlated many-body effects, 

implementing the two-dimensional Fermi-

Hubbard model on a triangular spin-charge 

lattice. In that context, bilayer systems 

present particular interest concerning exotic 

states of matter, but their experimental 

implementation has so far remained elusive. 

here, we demonstrate the realization of a 

staggered bilayer triangular lattice of 

electrons in an antiparallel MoSe2/WS2 

heterostructure. The bilayer lattice emerges 

due to strong electron confinement in the 

moiré potential minima and the near-

resonant alignment of conduction band 

edges in MoSe2 and WS2. As a result, charge 

filling proceeds layer-by-layer, with the first 

and second electron per moiré cell 

consecutively occupying first the MoSe2 and 

then the WS2 layer. We describe the 

observed charging sequence by an 

electrostatic model and provide 

experimental evidence of antiferromagnetic 

spin correlations on the vertically offset and 

staggered bilayer lattice, yielding absolute 

exciton Landé factors as high as 600 at 

lowest temperatures. The bilayer character 

of the implemented spin-charge lattice 

allows for electrical tunability of the spin 

exchange coupling and establishes 

antiparallel MoSe2/WS2 heterostructures as a 

valuable system for studies of strongly 

coupled bilayer Hubbard model physics, 

enabling future studies of exotic magnetic 

phases in frustrated lattices. 
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Figure 1: Electrically controlled, doping-

dependent spin-susceptibility of a bilayer moiré 

heterostructure probed at mK temperatures. 
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Tunable Edge Magnetoplasmon Resonator 

Quantum Hall (QH) systems are platforms of choice when it comes to study topological 
properties of condensed matter systems. Edge magnetoplasmons (EMPs) are the low-
energy excitations of a 2DEG in the QH regime. These chiral collective excitations 
propagate along the electrostatic edge of the 2DEG at a velocity v fixed by the 
magnetic field B. In an isolated Hall island, these trajectories are closed loops, making 
it possible to create a resonant cavity for EMPs. Such resonance depends on both the 
velocity v of the EMPs and the perimeter L of the cavity through the relation f=v/L. 
Since the EMPs propagate along the edge of the QH island, it is possible to tune the 
resonant frequency by changing the perimeter of the resonator. Varying the perimeter 
is made possible by a set of QPCs and top gates deposited on the sample. Applying a 
strong enough potential on a top gate changes locally the electronic density of the 
2DEG and a new edge arises at the interface. With a few top gates, it is possible to 
design various cavities in the same sample, thus changing the resonance frequency. 
In this seminar, we present our results on tunable micrometer-sized resonators with 
resonances in the GHz range and we show how the gates couple capacitively to the QH 
island. This allows us to fully control the properties of our resonator, making it 
possible to develop an EMP interferometer. Such device would be a valuable tool to 
investigate the properties of quasiparticles in the fractional QH regime. 
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Abstract 

 

2D non-abelian anyons are formalised in a 

diagrammatic formalism [1]. Topological 

quantum computing proposes to use these 

systems to encode quantum information. 

Such method obtains a natural shielding 

from decoherence [2]. We present a 

completely new perspective on these 

systems proposed in [3].  

 

In this talk, we define annihilation operators 

for any 2D non-abelian anyon theory. Such 

characterization has been desired for many 

years. We explicitly construct the 

annihilation operators for Fibonacci anyons.  

 

We express the Fibonacci-Hubbard 

Hamiltonian in terms of the Fibonacci 

annihilation operators and study their 

properties.  

 

Very interestingly we find that any non-

abelian anyon type has more than a single 

annihilation operator associated to it. The 

number of annihilation operators is linked to 

the possible fusion channels of the anyon 

type.  

 

We discuss the implications of our findings 

for topological quantum computing and 

possible future realisations of non-abelian 

anyons in the lab.  
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Figures 

 
Figure 1: Fibonacci Hubbard model in the 

diagrammatic formalism.  

 
Figure 2: Fibonacci Hubbard model with the 

annihilation operators α and β. 

 

 
 

Figure 3: Fibonacci annihilation operators α and 

β on the first mode. 
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Abstract  

We present a comprehensive theory of the 

stationary density accumulations that arise 

in anomalous transport phenomena such as 

the spin Hall effect, the valley Hall effect, 

and the orbital Hall effect, where the 

transported density underlying "charge" 

(spin, valley imbalance, orbital magnetic 

moment respectively)  is not protected by a 

conservation law [1]. The theory affords a 

unified treatment of metals and insulators, 

topologically trivial or nontrivial, while 

carefully keeping track of distinct 

contributions from bulk and edge states as 

well as under-gap and dissipative currents. 

We show that the under-gap current does 

not produce any density accumulation for 

time-reversal invariant systems: only 

dissipative currents arising from states at the 

Fermi surface can do so. We refer to this 

result as the "no-dissipation-no-

accumulation theorem". For time-reversal 

non-invariant systems, we show that non-

dissipative density accumulations can 

appear (e.g., magnetoelectric polarization) 

both at the edge and in the bulk. In either 

case, it is found that the net density 

accumulation integrated over the sample 

does not necessarily vanish: as a result of 

"charge" non-conservation, the density 

accumulations can have the same sign on 

both edges of a nanoribbon. In this context, 

we discuss previous proposals to treat 

charge non-conservation by a redefinition 

of the current [2] and show why they are 

insufficient.  We discuss how the formalism 

for periodic systems is extended to include 

the effects of disorder. Finally, we illustrate 

the formalism by applying it to simple two-

dimensional models with edge terminations. 

In this context, we discuss the peculiar status 

of the anomalous Hall effect in which the 

redistribution of the electric charge density, 

protected by electric charge conservation, 

allows non-dissipative under-gap currents to 

coexist with edge density accumulations.    
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Figures 

 
Figure 1: Illustration of the no-dissipation-no-

accumulation theorem. Panel (a): The cyclic 

flow of electrons (yellow arrows) in the one-

dimensional Brillouin zone of a ribbon subject to 

the electric field E (pink arrow). The valley charge 

changes sign whenever kx crosses the 

boundaries between the red and green regions 

(kx = 0, ±π). Each electron performs half the cycle 

as a “left-valley electron” and half as a “right-

valley electron”. Also shown are the Berry 

curvature hot spots with positive (negative) 

value near K (K'). Due to opposite Berry 

curvatures in the two valleys, the result is a steady 

valley Hall current. However, in a fully gapped 

insulator, at the end of the cycle each electron 

returns to its initial state, thus no valley 

redistribution occurs and there is no valley 

density accumulation. Panel (b): Two examples 

(blue and yellow arrows) of the same flow in the 

two-dimensional Brillouin zone of the infinite 

system.  
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Resistance switching in multilayer structures 

are typically based on materials possessing 

ferroic orders. Here we predict an extremely 

large resistance switching based on the 

relative spin-orbit splitting in twisted transition 

metal dichalcogenide (TMD) monolayers 

tunnel junctions. Because of the valence 

band spin splitting which depends on the 

valley index in the Brillouin zone, the 

perpendicular electronic transport through 

the junction depends on the relative 

reciprocal space overlap of the spin-

dependent Fermi surfaces of both layers, 

which can be tuned by twisting one layer. 

Our quantum transport calculations reveal a 

switching resistance of up to 106 % when the 

relative alignment of TMDs goes from 0º to 

60º and when the angle is kept fixed at 60º 

and the Fermi level is varied. By creating 

vacancies, we evaluate how inter-valley 

scattering affects the efficiency and find 

that the resistance switching remains large 

(104 %) for typical values of vacancy 

concentration. Not only should this 

resistance switching be observed at room 

temperature due to the large spin splitting, 

but our results also show how twist angle 

engineering and control of van der Waals 

heterostructures could be used for next-

generation memory and electronic 

applications. 
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Figure 1: Schematic of the tunnel junction 

comprised of a TMD monolayer, a barrier and 

another TMD monolayer that can be rotated. 

Red sites correspond to the semi-infinite leads.  

 

 

 
 

Figure 2: Tunneling resistance for twist angle of 

0º (blue) and 60º (orange). 
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Abstract 

 
Secure communication is of paramount importance 

in various fields, ranging from government and 

military to financial and healthcare. Quantum Key 

Distribution (QKD) leverages the unique properties 

of quantum mechanics to offer a promising solution. 

In conventional QKD protocols, the security relies on 

the specific implementation of the devices used by 

the legitimate parties. However, device-independent 

QKD (DI-QKD) protocols offer a more robust security 

guarantee by eliminating the need for trusted 

devices. DI-QKD protocols are based on the violation 

of Bell inequalities, which ensures security against 

any eavesdropping attempt, irrespective of the 

devices employed. 

Two key factors in any QKD protocol are the distance 

over which secure keys can be distributed and the 

rate at which keys can be generated. The distance is 

limited by the attenuation of quantum signals, while 

the key rate is affected by various factors, including 

the channel noise and the efficiency of the detector. 

On the other side, by optimizing the post-processing 

stage, we can improve the key rate and distance of 

existing protocols, making DI-QKD more practical for 

real-world applications. These techniques involve 

manipulating the raw data generated by the protocol 

to extract a secure key, like what happens in post-

selection [1] and noisy pre-processing [2]. 

In this work, we employed post-processing 

techniques to improve key rate in the DI-QKD 

protocol based on photon number counting [3]. We 

investigate three different methods to fulfill this goal. 

In the first method, we leverage the CHSH inequality 

to calculate an analytical lower bound on the key 

rate[4], reaching approximately to 0.71 for the 

specified protocol. While simple, this method often 

underestimates the full existing correlations. To 

improve the results, we explore other methods. A 

more sophisticated approach numerically calculates 

a reachable lower bound on the key rate by 

considering conditional von Neumann entropy [5]. It 

significantly improves the rate to around 0.95, 

demonstrating substantial potential. However, this 

method may not always be feasible depending on 

numeric complexity, requiring alternative 

approaches in such cases. This method focuses on 

the entire raw key statistics to establish a lower 

bound on the key rate based on Eve’s guessing 

probability. While the obtained rate of 0.93 is slightly 

lower than the numerical method, this approach 

guarantees its validity regardless of the parameters. 

Both numerical methods employed optimization 

techniques such as the NPA hierarchy and 

Semidefinite Programming (SDP) to further refine 

the results. 

Overall, our analysis demonstrates that post-

processing techniques can significantly boost the key 

rate of the photon-counting DI-QKD protocol. Each 

method offers distinct advantages and drawbacks, 

allowing researchers to choose the most suitable 

approach depending on their specific needs and 

priorities. 
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Matrix Product States (MPS) and Operators 

(MPO) have proved to be powerful tools to 

simulate quantum many-body systems. 

While MPS can efficiently find ground states 

of 1D systems, they fail to simulate their 

dynamics, where the entanglement can 

increase ballistically with time. On the other 

hand, quantum devices are natural 

platforms to perform time evolution but are 

strongly hampered by noise. In this work [1], 

we use the best of both worlds: the short-

time dynamics is efficiently performed by 

MPSs, compiled into short-depth quantum 

circuits, and is performed further in time on 

a quantum computer thanks to efficient 

MPO-optimized quantum circuits (Fig.1). In 

this scheme (that we call “QMPSO”), tensor 

networks provide all the ingredients to the 

quantum computer for a resource-efficient 

quantum simulation, and drastically lower 

the noise requirements for a practical 

advantage. Finally, we successfully 

demonstrate our method on an actual 

quantum device (Fig.2) from IBM: we 

simulate experimentally a 10-qubit system 

over a longer time scale than low-bond-

dimension MPSs and purely quantum Trotter 

evolution. 
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Figures 

 
Figure 1: (a) The entanglement entropy 

increases with time using the Trotter quantum 

circuit in (b). Using tensor network techniques, 

we compress the circuit (b) into a short-depth 

entanglement-efficient quantum circuit (c). 

 
Figure 2: Evolution in time of the local 

magnetization in time for a L = 10 quantum Ising 

chain for the exact solution versus MPS, Trotter 

and QMPSO simulations on IBM devices. 
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Mixed quantum-classical dynamics is a set 

of methods often used to understand 

systems too complex to treat fully quantum 

mechanically. Many techniques exist for full 

quantum mechanical evolution on 

quantum computers, but mixed quantum-

classical dynamics are less explored. We 

present a modular algorithm for general 

mixed quantum-classical dynamics where 

the quantum subsystem is coupled with the 

classical subsystem. We test it on a modified 

Shin-Metiu model in the first quantization 

through Ehrenfest propagation. We find that 

the Time-Dependent Variational Time 

Propagation algorithm performs well for 

short-time evolutions and retains qualitative 

results for longer-time evolutions. 

 

 

Figures 

 

 
Figure 1:  Plot showing the state population 

(colours) dynamics populations of the Shin-

Metiu Model with exact evolution (solid) 

compared to evolution on the quantum 

computer (dashed). 

 

 

Figure 2: Cartoon showing the algorithm cycle. 

This includes initialization of the state, evolution 

of the quantum system, evolution of the 

classical system and the checkpointing of the 

algorithm which allows for long time evolution in 

a constant depth circuit.  
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The cornerstone of modern quantum 
metrology is the quantum Cramér-Rao 
bound (QCRB). This bound identifies a lower 
limit on the variance of unbiased estimators 
for an unknown parameter that is encoded 
into a quantum state. Under generic 
conditions, this bound can be saturated by 
an optimal estimator and measurement, 
provided that many repeated 
measurements on the system are 
performed. 
 
However, in the presence of small data sets 
the QCRB typically largely underestimates 
the error that can actually be achieved in 
practice. In this talk, we present a family of 
generalized bounds on the variance of 
unbiased estimators that are larger than the 
QCRB when the sample is small and thereby 
provide a more realistic limit on the 
achievable precision of a finite-sample 
quantum measurement. 
 
Generalized bounds are obtained by 
imposing stricter unbiasedness conditions. 
These can be formulated in the form of 
constraints (i) on the average estimator at 
different test points within the range of 
possible values, or (ii) on higher-order 
derivatives of the estimator. Both of these 
approaches lead to rich hierarchies of 
bounds that contain the QCRB at the lowest 
order. All quantum bounds are derived by 
optimizing classical bounds over all possible 
quantum measurements. We provide 
analytical expressions for the explicit 

construction of the bounds and of the 
optimal measurements. 
 
The generalized bounds identify threshold 
behavior at small data sets by revealing 
tighter precision limits than the QCRB (see 
Fig. 1). In the large-data limit, the hierarchy 
of bounds collapses back onto the QCRB. 
 
From the inverse of these bounds we identify 
quantum information functions that 
generalize the quantum Fisher information 
(QFI). The QFI has widespread applications 
in quantum information theory beyond its 
immediate scope in quantum metrology. 
Our results therefore open up a wide 
spectrum of new quantum information 
functions whose full potential still remains to 
be uncovered. 
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Figures 
 

 
 

Figure 1: Comparison between the QCRB 
(orange) and generalized bounds known as the 
quantum Abel bound (QAB, blue) and the 
quantum Hammersley-Chapman-Robbins 
bound (QHCRB, yellow) for a single qubit (see 
Ref. [1] for details). The plots show the quantum 
bounds as a function of the number of 
measurements m (bottom): We observe that for 
small m, the QCRB is too optimistic. 
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The preparation of a continuous-
variable system in a non-Gaussian quantum 
state is of paramount importance in various 
aspects of quantum science. The 
generation of non-Gaussian states requires a 
nonlinear resource, often introduced 
through coupling to an auxiliary degree of 
freedom, such as a two-level system. On the 
other hand, some continuous-variable 
systems already possess intrinsic nonlinearity 
in the potential of a canonical variable. 
These nonharmonicites in the potential are 
typically used to define a qubit within 
continuous-variable systems. In contrast, we 
explore methods for utilizing this intrinsic 
nonlinearity to generate and control states 
beyond the two-dimensional subspace. 

Specifically, we present a theoretical 
proposal for preparing and manipulating a 
state of a single continuous-variable degree 
of freedom confined to a nonharmonic 
potential [1]. By utilizing optimally controlled 
modulation of the potential’s position and 
depth, we demonstrate the generation of 
non-Gaussian states, including Fock, 
Gottesman-Kitaev-Preskill, multi-legged-cat, 
and cubic-phase states, as well as the 
implementation of arbitrary unitaries within a 
selected two-level subspace. Additionally, 
we propose protocols for single-shot 
orthogonal state discrimination and 
algorithmic cooling and analyze the 

robustness of this control scheme against 
noise. Since all the presented protocols rely 
solely on the precise modulation of the 
effective nonharmonic potential landscape, 
they are relevant to several experiments 
with continuous-variable systems, including 
the motion of a single particle in an optical 
tweezer or lattice, or current in circuit 
quantum electrodynamics. Moreover, the 
proposed protocols can be utilized in 
systems with very weak nonharmonicities, 
e.g., levitated nanoparticles. 
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Figures 
 

  
 

Figure 1: (a) Examples of systems that can be 
optimally controlled without the need of 
auxiliary systems—single atoms in optical 
tweezers and flux-tunable transmons. (b)Time-
evolved probability density during the state 
preparation with the snapshots of Wigner 
functions. The potential’s controlled position is 
depicted via a solid black line. The top panel 
shows a comparison between sinusoidal drive 
resonant with the ground-first excited state 
transition and an optimized much faster 
control. The bottom panel presents an optimal 
control leading to the GKP state. 
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Topological quantum error correction is a milestone in the scaling roadmap 
of quantum computers, which targets circuits with trillions of gates that 
would allow running quantum algorithms for real- world problems. The 
square-lattice surface code has become the workhorse to address this 
challenge, as it poses milder requirements on current devices both in terms 
of required error rates and small local connectivities. In some platforms, 
however, the connectivities are kept even lower in order to minimise gate 
errors at the hardware level, which limits the error correcting codes that can 
be directly implemented on them. In this work, we make a comparative 
study of possible strategies to overcome this limitation for the heavy-
hexagonal lattice, the architecture of current IBM superconducting quantum 
computers. We explore two complementary strategies: the search for an 
efficient embedding of the surface code into the heavy-hexagonal lattice, as 
well as the use of codes whose connectivity requirements are naturally 
tailored to this architecture, such as subsystem-type and Floquet codes. 
Using noise models of increased complexity, we assess the performance of 
these strategies for IBM devices in terms of their error thresholds and qubit 
footprints. An optimized SWAP-based embedding of the surface code is 
found to be the most promising strategy towards a near-term demonstration 
of quantum error correction advantage. 

arXiv:2402.02185
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Abstract 

 

This article presents a quantum computing 

approach to the design of similarity measures 

and corresponding kernels for classification 

of stochastic symbolic time series. An 

effective strategy for designing problem-

specific kernels is to leverage a generative 

model of the example space. In this 

approach, the state space of the 

generative model serves as the feature 

space of the kernel.   In our study, we use a 

stochastic quantum generative model 

known as a Quantum Hidden Markov Model 

(QHMM) [1] to parameterize the underlying 

symbolic stochastic process. A QHMM is a 

Completely Positive Trace-Preserving (CPTP) 

map defined by a set of Kraus operators 

associated with observed symbols. 

Examples are described by the application 

of corresponding Kraus operators resulting in 

sequences of mixed quantum states 

referred to as generative state sequences. 

Sequence similarity is evaluated by 

appropriate divergence measures within 

the quantum state space. 

We introduce two types of kernels designed 

for specific classification tasks. Tasks in which 

the class of a sequence depends on its 

future stochastic evolution are referred to as 

prediction tasks. Given the assumption of a 

Markovian process, a sequence's future 

behaviour depends solely on the final state 

in its generative state sequence. In such 

scenarios, the kernel evaluates the 

sequence similarity using a distance 

measure between their final generative 

states. Positive semidefinite distance 

measures, such as the trace distance, Bures 

distance, and Frobenius norm are proposed 

to define these kernels. We refer to these 

kernels as "predictive kernels". 

In another category of tasks, the class of a 

sequence depends exclusively on its 

structure, such as the presence of specific 

patterns. We denote these tasks as 

'structural tasks'. In such instances, the kernel 

maps a sequence to the expectation (or 

average) of the quantum states in the 

generative state sequence. This design 

reflects the assumption that sequence 

features depend on the full generative state 

sequence.  We refer to these kernels as 

"structural kernels".  

To compare the performance of the 

proposed kernels against classical ones, we 

defined classification tasks using a simplified 

model of directional movements in a stock 

market.  Two common kernel-based 

algorithms, Support Vector Machine and k-

Nearest Neighbours, were implemented 

with classical and quantum kernels.  

In all structural and predictive task scenarios, 

the quantum kernels exhibited superior 

performance compared to their classical 

counterparts. We have implemented 

predictive quantum kernel on 

ibm_nazca device (Fig. 1).  
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Figure 1: Implementation of projective quantum 

kernel for market model 
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We are interested in finding optimal entan-
glement witnesses and entanglement 
monotones for interacting many-body sys-
tems that can be connected to experimen-
tally relevant collective observables. For 
spin observables corresponding to two-
body correlators, generalized spin squeez-
ing inequalities [1, 2] are generally consid-
ered optimal witnesses. To begin with, we 
study thermal states of fully connected spin 
systems in the mean-field approximation. 
These states are typically permutationally 
invariant, as are their marginals that corre-
spond to fully separable states which is 
known as the quantum de Finetti theorem. 
We illustrate how this connection can be 
used to estimate entanglement monotones 
of such states, how this connects to the spin 
squeezing inequalities, and how this ap-
proach compares to numerical studies. In 
addition, we explore the use of non-
Hermitian collective spin observables, and 
how the breaking of permutational sym-
metry impacts entanglement detection 
and quantification, in particular using spin 
squeezing inequalities.  
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Figure 1: Spin squeezing in the fully connected 
XXX model (left). Up to a critical temperature Tc, 
thermal states close to many-body singlets can 
be detected using the spin squeezing criterion 
(right).  
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Abstract 

 

Measurement-induced entanglement 

phase transitions in monitored quantum 

circuits have stimulated activity of an 

unusually diverse research community. 

However, a direct verification of the 

phenomenon requires exponentially 

complex postselected ensemble 

preparation as well as exponentially 

complex quantum state tomography. 

These issues limit experimental studies of 

entanglement properties to modest 

systems. We propose a solution to this 

impasse by introducing a protocol, with 

which the entanglement volume law- area 

law transition can be probed in U(1) 

conserving circuits without exponential cos.  

 

First, the state tomography can be avoided 

by studying the fluctuations of conserved 

quantity, as shown in Ref. [1]. The 

fluctuations faithfully reproduce the 

entanglement entropy behaviour without 

needing to resort to the state tomography. 

Moreover, we employ a steering protocol 

to approximate a single pure state 

trajectory with a mixed state, from which 

one can efficiently filter out coherent U(1) 

charge fluctuation in a subsystem. The 

coherent subsystem fluctuations exhibit the 

same spatial scaling as the entanglement 

entropy of the target pure state. This 

protocol avoids the need to carry out the 

exponentially costly postselection 

ensemble preparation, providing a 

scalable method to explore entanglement 

phase transitions. Thus, the method 

introduced in our work removes the 

fundamental obstacles impeding 

experimental progress in monitored circuits 

[2]. 
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SOQCS is a Python and C++ library of 

modular design [1] aimed at the simulation 

of optical circuits where photonic states are 

modeled as Fock wavepackets. The 

objectives of the library are to provide a 

design tool for photonic circuits and to 

allow for calculations of different 

imperfections in the circuit operation. These 

include, for example, effects associated 

with unbalanced beamsplitters or partial 

distinguishability of photons [2] among 

others. 

 

Arbitrary optical circuits are defined in the 

code by means of listing their non-ideal 

basic components and their 

interconnections. The operation of these 

circuits can be simulated using different 

numerical methods [3]. 

 

The library also provides support for the 

definition of non-ideal emitters and physical 

detectors. Detectors can also be 

configured to establish various conditions 

for post-selection in the circuit.  

Measurements provide detection statistics 

via probability outcomes and density 

matrices. We will present details of the 

library software structure and how the 

different imperfections are dealt with to 

provide a meaningful set of outcomes for 

arbitrary circuit definitions and initial states. 
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Abstract  
 
We motivate the use of quantum algorithms 
in particle physics and provide a brief 
overview of the most recent applications at 
high-energy colliders. In particular, we 
discuss in detail how a quantum approach 
reduces the complexity of jet clustering 
algorithms, such as anti-kT, in particle 
collisions and show how quantum algorithms 
efficiently identify causal configurations of 
multiloop Feynman diagrams, where each 
Feynman propagator has been identified 
with a qubit, and their connection with 
directed acyclic graphs (DAG) in graph 
theory. We also present a multivariate 
quantum integration algorithm, dubbed 
Quantum Fourier Iterative Amplitude 
Estimation (QFIAE), which is successfully 
applied to the evaluation of one-loop 
Feynman integrals in a quantum simulator or 
in a real quantum device. 
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Figure 1: Formation of jets in proton collisions at 
the CERN´s Large Hadron Collider. Credit: ATLAS 
Event Displays Repository. 
 

  
Figure 2: Causal interpretation of a four-loop 
Feynman diagram from a quantum algorithm. 
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Montanaro’s quantum backtracking 

algorithm is likely to provide a quantum 

speed-up for a class of classical optimization 

algorithms. Unaffected by Barren-Plateaus, 

this algorithm bodes well for the fault-

tolerant era, as it requires only a limited 

number of arbitrary angle gates. Despite its 

potential, the algorithm has seen limited 

implementation efforts, presumably due to 

its abstract formulation. In this work, a 

detailed instruction on implementing the 

quantum step operator for arbitrary 

backtracking instances is provided. We also 

detail the process of constructing accept 

and reject oracles for Sudoku problems 

using our interface to quantum 

backtracking. The implementation is written 

in Qrisp, a high-level quantum programming 

language, making it executable on current 

quantum backends. As far as we are aware, 

this is the first instance of a compilable 

implementation of this generality, marking a 

significant and exciting step forward in 

quantum software engineering. 
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Figures 

 

 
 

Figure 1: A binary backtracking tree in a state of 

superposition. Note that the 0-branch of the 

root is not explored, allowing more structured 

optimizations compared to Grover's algorithm. 

 

 
 

Figure 2: Calculated metrics of solving a 4x4 

Sudoku puzzle with up to 9 empty cells. 

   
Figure 3: Unsolved 4x4 

Sudoku problem: A 

solution to this Sudoku 

with 9 empty fields is 

found on a simulator 

using the Qrisp 

implementation of 

Montanaro's algorithm 

with 91 qubits and 

circuit depth of 3968. 
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Abstract: We will present a faithful translation of a two-player quantum Morra game, 
building upon previous work that includes the classical game as a special case. 
Introducing a natural deformation of the game in the quantum regime, we give Alice a 
winning advantage, disrupting the balance of the classical game. In certain cases, a Nash 
equilibrium can be reached using a pure strategy, a departure from the classical game 
where a mixed strategy is always necessary. We prepared our states using photonic 
qubits in a linear optics setup, achieving an average deviation of less than 2% from the 
measured outcome probabilities. Finally, we explore potential applications of the 
quantum Morra game in the realm of quantum information and communication. 
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Abstract based on Ref. [1] 
 
A causal relation between quantum agents, 
say Alice and Bob, is necessarily mediated 
by an interaction. Modelling the last one as 
a reversible quantum channel, an 
intervention of Alice can have causal 
influence on Bob’s system, modifying 
correlations between Alice and Bob’s 
systems. Causal influence between 
quantum systems necessarily allows for 
signalling. However, a largely unexplored 
side of quantum information processing is 
the scaling between the strength of 
correlations and the amount of signalling 
activated by a quanutm interaction. 
 
Here we prove a mismatch between causal 
influence and signalling via direct 
computation of the two quantities for the 
Cnot gate. We show that, for the quantum 
Cnot, signalling is strictly smaller than causal 
influence, thus indicating that the “extra” 
causal effect beyond signalling has to be 
sought in the leverage that it enables on 
correlations.  
 
Finally we show a continuity theorem for 
causal effects of unitary channels: a 
channel has small causal influence iff it 
allows for small signalling. 
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Abstract 
 
Most distance measures for quantum states 
are maximal for two orthogonal states, thus 
the distance of, say, states |1> and |2> is 
the same as the distance of |1> and |100>. 
The quantum Wasserstein distance is 
different, since it is sensitive to the underlying 
metric. It might offer a new type of distance 
for quantum states, with advantageous 
properties for machine learning and many 
areas of quantum physics.  
 
The quantum Wasserstein distance is 
typically defined as an optimization of a 
cost function over bipartite quantum states 
with given marginals. In this work, we define 
the quantum Wasserstein distance such that 
the optimization of the coupling is carried 
out over bipartite separable states rather 
than bipartite quantum states in general, 
and examine its properties. Surprisingly, we 
find that the self-distance is related to the 
quantum Fisher information. We present a 
transport map corresponding to an optimal 
bipartite separable state. We discuss how 
the quantum Wasserstein distance 
introduced is connected to criteria 
detecting quantum entanglement. 
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Figures 
 
 

 
 

Figure 1: Geometric representation of the 
quantum Wasserstein distance between a pure 
state ρ and a mixed state σ for the case of a 
single H1 operator. The quantum Wasserstein 
distance equals 1/ 2 times the usual Euclidean 
distance between A′ and B′. 
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Monitored random circuits, consisting of 
alternating layers of entangling two-qubit 
gates and p ro jec t i ve s i ng le -qub i t 
measurements applied to some fraction  of 
the qubits, have been a topic of recent 
interest [1]. In particular, the resulting steady 
state exhibits a phase transition from highly 
correlated states with “volume-law” 
entanglement at  to localized states 
with “area-law” entanglement at . It is 
hard to access this transition experimentally, 
as it cannot be seen at the ensemble level. 
Naively,  to observe it one must repeat the 
experiment until the set of measurement 
results repeats itself, with likelihood that is 
exponentially small in the number of 
measurements. To overcome this issue, we 
present [2] a hybrid quantum-classical 
algorithm which creates a matrix product 
state (MPS) based “unitary mirror'' of the 
projected circuit. Polynomial-sized tensor 
networks can represent quantum states with 
area-law entanglement, and so the unitary 
m i r r o r c a n w e l l - a p p r o x i m a t e t h e 
experimental state above  but fails 
exponentially below it. The breaking of this 
mirror can thus pinpoint the critical point. 
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Figures 

 

Figure 1: The output of a monitored random 
circuit, consisting of alternating layers of 
entanglers and projection operators (left) 
deterministically generates a state that can be 
approximated by its “unitary mirror” (right), a 
circuit composed purely of unitary gates. From 
the overlap between the two we can learn 
about the state’s entanglement properties. 

 

Figure 2: The proposed scheme: (a) A randomly 
monitored circuit is run on a quantum device 
generating a state . (b) The circuit and 
measurement results are fed into a classical 
processor. We classically calculate an MPS 
approximating the output of this circuit, and 
from it the “unitary mirror” circuit. (c) Finally, we 
apply the inverted mirror to  and measure 
the probability of returning to the initial state to 
obtain the overlap . 
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In this presentation, I focus  on the impact of 

interactions on quantum information 

generation within the infinite temperature 

Hubbard model.  We study the formation 

and propagation of operator entanglement 

as well as mutual information  in the 

presence of localized particle loss (sink) at 

the end of a semi-infinite Hubbard chain. 

We use a non-abelian approach to simulate 

this open system, while exploiting the 

SU(2)xU(1) symmetry of the Hubbard chain. 

In the non-interacting limit, a 3d quantization 

approach is used to benchmark our 

numerics. 

The initial infinite temperature state has no 

entanglement. Incoherent loss at the end of 

the chain, however, amounts in a stream of 

particles towards the sink, accompanied by 

entanglement generation. A ballistic 

depletion and current front propagation is 

observed with strongly reduced front 

velocity in the presence of interactions.  

In contrast, operator entanglement and 

mutual information are found to propagate 

faster than the depletion profile, and a 

mutual information jet appears that 

propagates with a velocity independent of 

U (see Figure 1).  

The dynamics of the slow front can be 

captured quantitatively by a cellular 

automaton model, and is thus found to 

carry classical correlations. The fast mutual 

information front appears, in contrast, to 

have an intrinsic  quantum-mechanical 

nature, and persists at infinite temperature 

and interaction. We understand the 

propagation of the fast front as being due 

to spinless fermionic excitations on the 

background of spinons.  
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Figures 

 

 
 

Figure 1:  

Two-site mutual information, S(i,j), at time t = 80 

for interaction U/J = 10. Long-range correlations 

appear for sites i,j ≲ 30, while a narrow, short-

range correlated jet signal reaches i,j ≈ 80, and 

propagates with unrenormalized velocity. 
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Abstract 

Iron selenide compounds (FexSey) are an 

emerging class of materials known for their 

remarkable superconducting, catalytic 

and magnetic properties.  It has been 

established that single-layer tetragonal iron 

selenide (FeSe) on strontium titanate 

(SrTiO3) has proven to be an excellent 

superconductor at a critical temperature of 

~55 K [1]. While other stoichiometries can 

have drastically different properties, for 

example, Fe3Se4 presents metallic features 

similar to that of other transition metal 

chalcogenides (TMCs) having an average 

conductivity of 9.54 ×104 S m−1 for thin layers 

of 8 nm [2]. Other stable stoichiometric 

compounds exhibit similar properties, for 

instance FeSe2 and therefore it is clear that 

Iron selenides have untapped potential for 

quantum technologies [3]. In this work, we 

present the epitaxial growth of a range of 

2D iron selenide compounds, FexSey on 

silicon dioxide (SiO2) substrate using a salt-

assisted chemical vapour deposition (CVD) 

method. The iron and selenium ratio can be 

finely tuned by the weight ratio of 

precursors selenium and Iron oxide (FeO) 

powders, and the growth promotor 

ammonium chloride salt. Furthermore, 

allowing the growth of various layer 

thicknesses with triangle and hexagonal 

morphologies (Figure 1) which have the 

potential to be scaled up to wafer-scale 

coverage. The as-grown structures were 

characterized using X-ray diffraction (XRD), 

Raman and Energy dispersive X-ray (EDX) 

techniques (Figure 2), showing clear 

stochiometric control and chemical stability 

under ambient conditions. These 

characterization techniques allow the 

opportunity to explore the role of the 

growth-promoting ammonium chloride salt 

in the synthesis process and how this 

influences the formation of iron selenides or 

Iron oxide.  The successful growth of 2D iron 

selenide with different stoichiometry and 

morphologies offers the prospect of 

applications in quantum technology.   
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Figure 1: Optical image of FexSey grown on SiO2. 

 

 

Figure 2: EDX map of FeSe grown on SiO2. 
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Linear optical quantum computing utilizes 

single photons or squeezed light and 

quantum interference to achieve an 

advantage in certain tasks such as boson 

sampling. Despite significant advances in 

integrated quantum photonics that can 

miniaturize table-top experiment to 

centimetre-scale chips, today’s leading 

optical quantum computing experiments 

still use free-space and fibre optics [1, 2].  

Lithium niobate-on-insulator (LNOI) is 

an emerging integrated photonics platform 

that has the potential of enabling a new 

generation of quantum photonic devices 

able towards demonstrating an on-chip 

quantum advantage. LNOI photons has a 

strong 𝜒(2) nonlinearity for efficient photon-

pair or squeezed-state generation, high-

speed electro-optic and thermo-optic 

phase control, low optical loss and a high 

index contrast for dense waveguide circuits 

[3]. While impressive experiments with LNOI 

have been performed, investigations into 

quantum computing applications remain 

limited. 

Here, we report quantum 

interference between two nonlinear 

photon-pair sources in a programmable 

LNOI photonic circuit. We coherently pump 

two periodically poled LNOI waveguides to 

generate a two-photon entangled state 

and perform quantum interference in a 

Mach-Zehnder interferometer (MZI). 

Our device is shown in Fig. 1a. By 

injecting a 781 nm wavelength laser into 

both spontaneous parametric down-

conversion (SPDC) sources, we generate 

telecom-wavelength photons in the state 
1

√2
(|20⟩ + 𝑒2𝑖𝜙|02⟩), which is a coherent 

superposition of two photons in the upper 

and two photons in the lower waveguide 

[4]. The phase 𝜙 is controller with an on-chip 

thermo-optic phase shifter. 

We manipulate this state with a 

programmable MZI to output either 

bunched or anti-bunched photons due to 

quantum interference. We measure 

quantum interference visibility of 95 ± 1%, as 

shown in Fig. 1b, and perform Hong-Ou-

Mandel (HOM) interference after the chip 

with 83.2 ± 0.1% visibility as shown in Fig. 1c. 

Our results are a milestone in the 

development of LNOI quantum photonics, 

and the first step to scaling up towards 

dozens of sources and waveguides for the 

first demonstration of an on-chip quantum 

computation advantage with photonics. 
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Figure 1: a) Schematic of our integrated LNOI 

quantum photonic circuits. b) Quantum 

interference between two LNOI SPDC sources. c) 

HOM interference with the generated photons  
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Inhomogeneous magnetic fields generated 

by nanomagnet arrays are predicted to 

induce a synthetic spin-orbit coupling (s-

SOC) in hybrid superconductor-

semiconductor nanowires commonly used 

in the search for Majorana bound states [1]. 

By obviating the need for intrinsic SOC, 

nanomagnets could thus widen the range 

of materials available for realising 

topological superconductivity, for instance 

to include lower-disorder materials such as 

carbon nanotubes or silicon nanowires. Here 

we present conductance measurements of 

a proximitized Al/InAs nanowire (Figure 1) 

fabricated adjacent to an array of 

nanomagnets. In the Coulomb-blockade 

regime we observe tunnelling resonances at 

low source-drain bias consistent with the 

presence of sub-gap Andreev bound states 

[2]. Using a sequence of externally applied 

fields to switch the nanomagnets, we verify 

the expected shift in bound state energy 

between the anti-aligned and aligned 

nanomagnet configuration. Our results are 

consistent with quantum transport 

simulations and demonstrate the viability of 

using local magnetic textures to induce s-

SOC in hybrid superconductor-

semiconductor devices. 
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Figure 1: Scanning electron micrograph of the 

device, comprising an Al/InAs nanowire 

adjacent to an array of Py nanomagnets used 

to induce s-SOC. 

 

 

 

 

 

 

 

 

181



 

QUANTUMatter2024 
 

Record carrier mobility in group IV semiconductor 

materials.
Davide Costa1, Lucas Stehouwer1, Davide 

Degli Esposti1, Karina Hudson1, Menno 

Veldhorst1, Amir Sammak2, Giordano 

Scappucci1. 
 
1QuTech and Kavli Institute of Nanoscience, 

Delft University of Technology, PO Box 5046, 

Delft, 2600 GA, The Netherlands. 
2QuTech and Netherlands Organisation for 

Applied Scientific Research (TNO), Delft, The 

Netherlands. 

 

d.costa@tudelft.nl 

 

 

 

Holes in strained Ge/SiGe heterostructures 

have emerged as a leading platform for 

spin qubits and hold promise for hybrid 

semiconductor-superconductor devices [1]. 

We recently departed from the mainstream 

approach and started epitaxy directly from 

Ge rather than Si substrates. With this 

strategy we reduce substantially the lattice 

mismatch between the substrate and the 

active layers of the heterostructure. As a 

result, we demonstrated an order of 

magnitude reduction of threading 

dislocations and a 10x boost in 2D hole gas 

mobility due to suppression of short range 

scattering [2]. Carrier mobility is a key 

qualifier of static disorder of the 

semiconductor material host. In this talk, I will 

focus on the latest experiments aimed at 

mitigating scattering from remote impurities, 

by positioning the quantum well at an 

increased distance from the semiconductor-

dielectric interface. We demonstrate a 

reproducible mobility exceeding 4.5 millions  

cm2/Vs over several heterostructure field 

effect transistors and observe a plethora of 

fractional quantum hall states which survive 

to low density [3]. The achieved mobility sets 

a new benchmark for any type of carriers 

(holes/electrons) in group IV semiconductor 

material stacks. We use this heterostructure 

as a testbed to identify the remaining 

scattering mechanisms affecting 2D hole 

transport, underlining a path forward to 

further reduce disorder and improve 

materials for hole spin qubits. 
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Abstract  

 

The intrinsic valley degree of freedom makes 

bilayer graphene a unique platform for 

emerging types of semiconducting qubits. 

The single-carrier quantum dot ground state 

exhibits a two-fold degeneracy where the 

two states have opposite spin and valley 

quantum numbers. By breaking the time-

reversal symmetry of this ground state with 

an out-of-plane magnetic field, a novel type 

of qubit (Kramers qubit), encoded in the 

two-dimensional spin–valley subspace, 

becomes accessible. The Kramers qubit is 

robust against known spin- and valley-mixing 

mechanisms, as it requires a simultaneous 

change of both quantum numbers, 

potentially resulting in long relaxation and 

coherence times. We measure the 

relaxation time of a single carrier in the 

excited states of a bilayer graphene 

quantum dot at small (~ mT) and zero 

magnetic fields. We demonstrate ultra-long 

spin-valley relaxation times of the Kramers 

qubit exceeding 30 s, which is about two 

orders of magnitude longer than the spin 

relaxation time of 400 ms. The demonstrated 

high-fidelity single-shot readout and long 

relaxation times are the foundation for 

novel, long-lived semiconductor qubits [1]. 
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Figure 1:  SEM false-colour image of the device. 

All labelled metallic gates and the graphite 

back gate (not shown) are DC-biased. The 

plunger gate P1 is additionally controlled by AC 

pulses. 

 

 
 

 
 

Figure 2: The energy spectrum of a single carrier 

in the BLG QD plotted as a function of in-plane 

and out-of-plane magnetic fields. 
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Abstract 

 

In the zoo of quantum systems that might 

disrupt the storage and manipulation of 

information, topological superconductors 

have received significant interest for their 

potential application in quantum 

computing, mainly due to their capacity to 

harbor non-Abelian states and provide 

fault-tolerant computation.  One of the 

possible platforms for topological 

superconductivity is the interface between 

a superconductor and a semiconductor 

(SS)1 with strong spin-orbit scattering1 – 

where topological qubits are manifested.  

However, epitaxially interfacing two 

dissimilar materials such these, generate 

inherent challenges in the form of grain 

boundaries (GB arrow in Fig. 1), grain 

misorientations (grains G1/G2 in Fig. 1), 

atomic distortions across the SS interface 

(circle in Fig. 1), which might be detrimental 

to the device performance. Additionally, 

precise control of the semiconductor 

heterostructure interfaces and their 

chemical distribution is also needed to 

improve electron mobility and device 

performance. Thus, identifying and 

 
 

understanding these inherent structural 

defects at the multiple interfaces of these 

hybrid devices, and connecting our 

findings with growth process, might 

contribute to better performance of such 

hybrid devices. Here we explore a 

combination of electron and ion 

microscopy together with advance image 

processing and mathematical modelling 

using Python libraries to understand 

structural properties at the SS interface, 

quantify roughness and chemical 

distribution across the semiconductor 

heterostructure interfaces. Our findings 

deliver metrology parameters to assess the 

quality of hybrid systems and highlight the 

relationship between such parameters and 

growth conditions. 
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Figures 

 

 

Figure 1: Color added cross-sectional HRSTEM 

image at the SS interface. Two Al (111) grains 

(G1,G2) divided by GB creating a distortion at 

the SS interface. G1 is parallel to the electron 

beam, and G2 has a small rotation respect to 

G1. 
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Hybrid materials that associate distinct 

quantum species may be used to achieve 

new functionalities. In this work, we combine 

two systems that are broadly used for 

quantum applications, the NV- color center 

in diamond [1] and rare earth (RE) ions 

doped in crystals [2].  

 

The hybrid structure we studied consists of 

an Er3+ doped Y2O3 thin film deposited by 

direct liquid injection chemical vapor 

deposition (CVD) [3] on a diamond 

substrate in which shallow NV- were 

implanted [4].  

 

We investigated the structure of the thin films 

and the optical properties of the 

embedded Er3+ ions (Fig. 1), and how the 

spin and optical properties of the NV- were 

affected by the thin film deposition. Our 

results indicate that erbium ions are in a 

high-quality crystalline environment, while 

the optical and spin properties of the NV- 

centers are preserved after deposition.   

 

These results suggest that the proposed 

structure is promising for integrating rare-

earth ions with NV- centers at the nanoscale 

level for developing hybrid solid state 

quantum systems. 
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Figures 

 

 

Figure 1: Low temperature telecom band 

emission in a Er:Y2O3 thin film deposited on 

diamond and fluorescence decay times (inset). 

Properties are comparable to bulk crystals.  
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Extensive  research  on  planar,  2D  TMDCs 
focuses on their exceptional electronic and 
optical properties arising from their inherent 
layer structure. Despite numerous studies on 
optical  behavior,  achieving  single-level 
transport  in  lithographic  quantum  dots  at 
low  temperatures,  crucial  for  quantum 
electronic devices, faces challenges due to 
the  need for  small  confinement  potentials 
and disorder at nanoflake edges.
A  highly  promising  solution  [1,2]  involves 
using crystalline MoS2 nanotubes grown via 
a  chemical  transport  process,  for  natural 
electron confinement in two directions. With 
bismuth as contact material,  Schottky bar-
riers  can  be  avoided.  Low-temperature 
measurements  confirm  nondestructive, 
transparent  contacts  and  single-level 
quantum transport at T < 100mK [1].
To further reduce disorder, an innovative dry 
transfer technique with anthracene crystals 
as  a  pick-up  material  [3]  is  employed; 
several fabrication variants are discussed.

References

[1] R. T. K. Schock, A. K. Hüttel, et al., Adv. 
Mat. 35 (2023), 2209333

[2] S. Reinhardt, A. K. Hüttel, et al., pssRRL 
13 (2019), 1900251

[3] K. Otsuka et al., Nat. Comm. 12 (2021), 
3138

Figures

Figure  1: Coulomb  “diamonds”  of  a  MoS2 

nanoribbon  (nanotube  collapsed  during 
growth), with charging energies consistent with 
the active device region.

Figure 2: Top: Anthracene crystal based residue-
free transfer of MoS2 nanotubes. Bottom: MoS2 
nanotube device (optical and SEM image).
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The quality factor of niobium thin film 

structures used in superconducting quantum 

circuits is constrained by a native surface 

oxide layer, resulting in two-level system loss. 

This leads to a higher loss in the microwave 

resonators as well as two-level losses (TLS) in 

the qubit. To address the impact of the 

surface oxide layer on the niobium thin film, 

several methods are proposed, including 

surface passivation through another metal 

capping layer1, self-assembly of an organic 

monolayer2, and surface treatment3. Various 

thin metal capping layers, such as Al, Ta, TiN, 

and others,4,5 have been explored, 

demonstrating enhancements in the quality 

factor and qubit lifetime compared to 

uncapped niobium metal film. However, it's 

noted that these capping layers themselves 

tend to form a 3-5 nm thick oxide on the 

surface, introducing surface defects in 

oxidized metals. Nitrogen plasma treatment 

of niobium leads to nitrogen doping more 

than 5 nm into the surface, accompanied 

by a suppressed oxygen presence, resulting 

in a fourfold enhancement in performance 

compared to un-passivated samples. On 

the other hand, the self-assembly of an 

organic monolayer prevents oxidation on 

the surface; however, it may not be as 

suitable for prolonged exposure in ambient 

environments or subsequent qubit 

fabrication processes. In this context, ideal 

passivation methods or metals should 

possess the following characteristics: 1) 

Formation of Thin Self-Limited Oxide Layer: 

The passivating material should form a very 

thin <1 nm oxide layer with self-limited 

oxidation. This effectively shields the 

underlying superconductive layer from 

further oxidation. 2) Minimization of Oxide 

Compositions: The material should form a 

minimal number of oxide compositions to 

reduce the occurrence of surface defects 

associated with oxide vacancies. 3) 

Chemical Resistance: Capping layers should 

be chemically and environmentally resistive 

to ensure that multiple fabrication processes 

do not adversely affect the surface quality. 

To enhance the performance and reliability 

of superconducting quantum circuits, it is 

important to find an appropriate passivation 

method or metal with specific 

characteristics such that both TLS as well as 

dielectric losses can be minimized. In this 

study, we have carefully selected a few 

hitherto unstudied metals as a capping layer 

which forms an oxide thickness of ~0.6 nm6 

without affecting the crystal structure and 

surface resistance of the superconducting 

niobium thin film. The X-ray diffraction 

analysis showed a shift in the [110] peaks, 

indicating uniform compression of the crystal 

lattice and a reduction in the crystallite size 

from 20 nm to 18 nm. The atomic force 

microscopic results showed that the 

ruthenium capping reduces the exposed 

grain boundary by approximately 20% and 

the RMS roughness value changes from 1.05 

nm to 0.85 nm with the capping layer. We 

will present a detailed report on the effect 

of the capping layer on the 

superconductivity and the internal quality 

factor of the niobium resonator. 
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Different transition metal dichalcogenides 

heterostructures have being studied in 

recient years due to their diverse electronic 

properties and the potential of combining 

them to create new systems that can host 

correlated ground states. In particular, TaS2 

is well known to exhibit two distinct 

structural phases: 1H, a metallic phase with 

a quasi-(3x3) charge density wave (CDW) 

below 81K, and 1T, a Mott insulator with a 

Star of David 13x13-R14º CDW below 

183K [1]. When a 1T layer is placed on top 

of a 1H layer, a Kondo lattice is formed 

within the system [2]. On the other hand, 

when a 1H layer is placed on top of a 1T 

layer, a transparency effect is observed in 

STM measurements through the top layer 

[3], as depicted in Figure 1. Some early 

studies suggested that this effect could be 

attributed to direct tunneling from the tip to 

the 1T layer [4]. Here, we propose a new 

explanation based in a weak but 

measurable electronic coupling between 

the 1T and 1H layers, which preserve their 

structural properties and characteristic 

CDWs. 

References 

[1] J. A. Wilson, F. J. Di Salvo, S. Mahajan, 

Adv. Phys. 24, (1975), 117-201  

[2] C. G. Ayani, M. Pisarra, I. M. Ibarburu, 

M. Garnica, R. Miranda, F. Calleja, F. 

Martin and A. L. Vazquez de Parga, 

Small (2023) 2303275 

[3] R. V. Coleman, B. Giambattista, P. K. 

Hansma, A. Johnson, W. W. McNairy, 

and C. G. Slough, Adv. Phys. 37, 6 

(1988), 559-644 

[4] W. Han, E. R. Hunt, O. Pankratov, and 

R. F. Frindt, Phys. Rev. B 50, 19, (1994), 

14746 

 

Figures 

 
 

Figure 1: Transparency effect on a 1H/1T-TaS2 

heterostructure. (a) Ball model of the system, Ta 

atoms in blue and S atoms in green. (b-c) STM 

images performed on the same area on the 1H 

layer at 300pA and two different voltages, 

showing the underlying 1T CDW through the 1H 

layer. (d-e) FFT of the STM images. Atomic 

lattice spots are marked in purple, 1H CDW 

spots in blue and 1T CDW spots in green. 
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Planar MOS multi-gate technology is one of 

the leading approaches for silicon-based 

quantum computing, especially when 

coupled with dispersive charge sensors, 

which offer scalable unit cells by reducing 

the need for reservoirs. So far, demonstrations 

of planar MOS quantum dots have been 

restricted to architectures where sensors are 

co-linear with the qubit array, limiting 

scalability. Achieving readout fidelity at the 

level of control operations has also remained 

challenging. 

 

In this work, we address both limitations by 

demonstrating single-shot spin readout 

above 99.9% in 400 us within a planar MOS 

quantum dot array fabricated using a 300 

mm wafer process. We use a single electron 

box (SEB) to measure the two-electron spin 

state of a double quantum dot via Pauli spin 

blockade. The sensor and qubit dots are 

placed in parallel channels of a bilinear 

array, forming a compact and scalable unit 

cell. The high fidelity is achieved thanks to the 

tunability of the structure that allows: 

 

(i) Optimisation of the tunnelling rate of the 

SEB for enhanced signal. 

(ii) Tuning of the coupling between the 

double quantum dots using a J-gate, leading 

to an enhancement of the singlet-triplet 

relaxation time from 4 us to 0.5 s. 

 

Overall, this work demonstrates sensing in a 

compact unit cell with state-of-the-art 

fidelity, providing a path to scalable high-

connectivity bilinear qubit arrays. 
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Two-dimensional (2D) materials, such as WS2, 

have garnered significant attention for their 

potential applications in quantum 

computing and related technologies. These 

materials exhibit unique electronic and 

optical properties owing to their atomically 

thin nature and strong quantum 

confinement effects. In particular, 

vacancies, or defects, within these materials 

play a pivotal role in influencing their 

quantum behaviour [1]. 

 

Vacancies introduce localized electronic 

states within the bandgap of 2D materials, 

altering their electronic structure and optical 

properties. These defect-induced states can 

serve as quantum emitters, enabling 

applications in single-photon sources, 

quantum communication, and quantum 

information processing [2].  

 

Understanding and controlling vacancies in 

2D materials are thus essential for harnessing 

their full potential in quantum technologies. 

High-Angle Annular Dark-Field Scanning 

Transmission Electron Microscopy (HAADF-

STEM) emerges as a powerful technique for 

probing the atomic-scale structure of 2D 

materials like WS2, allowing precise 

characterization of vacancies and their 

effects on the material's quantum properties 

[3]. 

 

In this study, we present an automated 

method for identifying vacancies in WS2 

monolayers. Our approach leverages a 

convolutional neural network (CNN) for 

denoising, applied to Fast Fourier Transform 

(FFT) spectra. The CNN model is trained on a 

dataset comprising over 5000 simulated 

spectra [4, 5]. By filling in the gaps 

corresponding to vacancies, this denoising 

technique facilitates accurate tracking of 

vacancy locations through image 

differencing. 

 

Our work underscores the importance of 

vacancies in 2D materials for quantum 

applications and highlights the significance 

of advanced imaging techniques like 

HAADF-STEM in studying quantum materials 

at the atomic level. This automated 

detection method paves the way for further 

exploration and utilization of vacancies in 

WS2 and other 2D materials for quantum 

technologies. 
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Figure 1: a) HAADF-STEM image of WS2 material 

with vacancies. b) Image with vacancies 

refilled. This image was obtained through FFT 

denoising using CNN. c) Image showing 

vacancy positions. 
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Quantum hardware based on Si and Ge 

present the advantage of integration and 

scalability due to compatibility with the 

mainstream C-MOS semiconductor 

industrial technology. In addition to the 

unique crystalline perfection, these materials 

can be isotopically purified further improving 

their spin coherence time. The challenge in 

the indirect semiconductors Si and Ge is to 

lift the six-fold valley degeneracy in order to 

isolate proper qubits. This requires quantum 

well heterostructures with well-defined 

interface sharpness and most importantly a 

well-controlled level of homogeneous strain 

[1].  

Biaxial strain of the order of 1 % in 10 nm 

quantum wells is achieved on mismatch-

tuned substrates based on strain-relaxed 

buffers (SRBs) of Si1-xGex alloys with Ge-

content x graded up to the required 

relaxed lattice of the mismatched seed. 

However, the intrinsic defect structure of 

such SRBs leads at their surface to lattice 

parameter variations reproduced in the 

overgrown epitaxial layers. The ID01 

beamline located at the European 

Synchrotron offers X-ray nanobeam 

diffraction imaging, a tool essential to 

image and study strain in such quantum 

wells with high spatial and strain resolution 

[2-4]. Typical images of an SRB and an 

overgrown qubit device are shown in Fig. 

1(a) and (b).  As strain directly affects band 

structure, these lattice parameter variations 

trigger spatial fluctuations of the 

conduction band minima and the 

expected band degeneracy lifting. These 

defects in the end jeopardize the 

functionality of the qubit devices.  

To avoid such strain fluctuations, we 

developed a technique to strain a 

semiconductor membrane by external 

mechanical means, yielding a spatially 

homogeneous and controlled deformation. 

Using an elastomer- semiconductor hybrid 

structure, we demonstrate straining 

membranes far beyond the traditional 

straining by epitaxial methods, in terms of 

strain amplitude (up to 2 % biaxial in a Si 200 

nm membrane), strain homogeneity, and 

strained film thickness. We estimate this 

technique to open up a road towards the 

fabrication of high quality strained 

structures for Si and Ge based quantum 

computing. 
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Figures 

 
Figure 1: (a) X-ray nano-beam imaged biaxial 

strain in a SRB based surface (from [3]). (b) 

similar image of strain in and around a qubit 

device (from [4]). (c) biaxial strain tuning in a  

polymer-Si compound based process (from [5]) 
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For several years now, rare-earth-doped 
crystals have been identified as promising 
candidates for solid-state quantum 
memories [1], single photon emitters [2] and 
scalable quantum computing [3]. In the bulk 
state, these materials show extremely long 
optical and spin coherence times, around 
the millisecond [4] and several hours 
respectively [5]. They are in addition 
adapted to multi-mode storage [1]. In 
addition, recent promising demonstrations 
of long optical and spin coherence times in 
oxide nanoparticles doped with rare-earth 
ions [6,7] have opened the way to new 
functionalities for these materials [8].  
 
In the present work we introduce a new 
family of rare-earth crystals in view of their 
use for quantum technologies applications: 
the phosphates. We synthesized a series of 
EuxLa1-xPO4 microcrystalline powders with x 
varying from 0.01 to 1 and characterized 
their structural (Figure 1) and optical 
properties. Optical coherence times (T2) 
(Figure 2) and spin population lifetimes (T1) 
of Eu3+ ions were also assessed at cryogenic 
temperature. Finally, we discuss 
approaches for obtaining this material at 
the nanoscale with preserved optical 
coherence properties. 
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Figures 
 

 
 
Figure 1: Left – LaPO4 crystal lattice (monoclinic 
monazite). Right – SEM image of Eu0.05La0.95PO4 
single crystals obtained by flux method. 

 
Figure 2: Photon echo decay for the 5D0  « 7F0 
transition of Eu3+ at 578.63 nm in Eu0.05La0.95PO4 
microcrystals yielding an optical coherence 
time of 122 µs. T = 1.3 K 
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Abstract 

 

Semiconductor device manufacturing 

steadily approaches the ultimate limit of 

miniaturization – single-atom precision. 

Developing a scalable, atomically precise 

fabrication technique would afford 

tremendous scientific and technological 

opportunities. By providing novel 

engineered quantum materials and 

devices, scalable atomically precise 

fabrication will enable exploration of new 

areas of condensed matter physics and 

could facilitate the realization of universal 

solid-state quantum computers. Scanning 

tunnelling microscopy hydrogen resist 

lithography is the only fabrication technique 

capable of positioning individual dopant 

atoms at nearly exact lattice sites in silicon 

and germanium. Traditionally, this technique 

has used the precursor phosphine to 

precisely position phosphorus atoms. Using 

phosphorus-in-silicon, single and few atom 

donor devices are now routinely 

demonstrated, providing tantalizing 

glimpses into future quantum technologies. 

Recent studies suggest that the phosphine-

silicon surface chemistry limits the single-

atom fabrication yield. Arsine as a precursor 

to arsenic patterning offers an alternative 

and advantageous approach to atomically 

precise fabrication [1,2]. By using arsenic-in-

silicon it is possible to improve the single-

atom yield sufficiently to allow repeatable 

single atom fabrication, thus providing 

pathways to single-atom precision 

fabrication scale-up. In this talk we explore 

the single atom control of arsenic 

incorporation in silicon that can provide up 

to 100% yield, and  discuss recent progress in 

fabrication of quantum materials using this 

approach. 
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Figure 1: Single-atom arsenic pattering in Si(001) 

by scanning tunnelling microscopy hydrogen 

resist lithography: Step-wise fabrication of an 

artificial 2×2 single-atom arsenic lattice, imaged 

after: a) STM lithographic patterning of the 

hydrogen resist, b) room temperature 

adsorption of AsH3 through the patterned 

adsorption windows, and c) thermal annealing 

for substitutional arsenic  incorporation. 
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NANOSTRUCTURES of functional materials 
provide an experimental platform to study 
novel physical phenomena when the 
characteristic device size reaches intrinsic 
length scales, such as the inelastic scattering 
length or the Fermi wavelength [1]. 
Nanostructures of mean-field systems, 
especially semiconductors, with confined 
electron systems have been studied for 
decades, leading to widespread 
technological applications. However, 
studies of correlated systems, such as 
complex oxide materials, are mainly 
presented in 2D, especially at interfaces. 
Confinement effects in fewer dimensions, 
i.e., 0D, have been only marginally studied 
due to the challenges associated with the 
fabrication of 0D objects from 3D oxide 
materials with low defect density. 
 
In this study, we present two different 
approaches (top-down and bottom-up) for 
fabricating quantum nanostructures of 
correlated metal oxides. We illustrate the 
top-down fabrication and exploration of 
arrays of nanodots of SrRuO3 with dot sizes 
between 500 and 15 nm (Figure 1). The 
magnetic properties of SuRuO3 nanodots 
depend on the size of the nanodots 
associated with strain and oxygen 
octahedral rotation, as demonstrated by 
scanning transmission electron microscopy 
[2, 3]. In another parallel study, we show that 
the self-assembly of complex oxide 
membranes enables the fabrication of 
faceted nanodots with low defect density 
(Figure 2) [4]. Our studies highlight the 
potential for fabricating oxide 
nanostructures with exotic properties. 
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Figure 1: Arrays of nanodots of SrRuO3 with the 
dot size of 30 nm 
 

 
 

Figure 2: Nanocrystalline structures obtained by 
self-assembly of oxide membranes 
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Abstract 
 

In Quantum Key Distribution (QKD), a sender 
(Alice) and a receiver (Bob) who trust each 

other want to establish a shared secret key 
through quantum communication. 

Unlike QKD, in two-party cryptographic 
protocols based on quantum 
communication, such as quantum oblivious 

transfer and bit commitment, Alice and Bob 
are not assumed to trust each other. This 

implies that the study of these protocols 
must consider both combinations of honest 

Alice with malicious Bob, and vice versa. 
In Quantum Oblivious Transfer (QOT) Alice 
transfers with probability 1/2 a secret to Bob 

in such a way that she does not know 
whether he succeeded in obtaining the 

secret (concealing property), using 
quantum communication [1].  

In Quantum Bit Commitment (QBC) Alice 
selects a binary value and commits it to Bob 
so that she cannot change her choice after 

committing it (binding property), while Bob 
does not know the selected value until Alice 

reveals it (hiding property), all of this using 
quantum communication [2].  
QOT and QBC have been the subject of 

research over the last years in which several 
proposals and results have been presented, 

based on principles of quantum mechanics 
such as entanglement, superposition and 

non-cloning. One of those results is that QBC 
can be implemented from QOT and vice 
versa. Unfortunately, other results include 

different quantum no-go theorems showing 
that quantum mechanics does not allow 

implementations of such cryptographic 
primitives without further assumptions [3].  

This work discusses the two main paths  

being taken to develop practical quantum 
protocols that minimize the risk of cheating. 
On the one hand, some developments are 

based on certain assumptions about the 
existence of functional primitives (e.g., QBC) 

[4], or on limitations in the technological 
potential of the malicious party (e.g., noisy-

storage model) [5]. On the other hand, 
other developments are based on a relaxed 
definition of security that allows the 

malicious party to extract, with a given 
probability, certain information about the 

input/output of the honest party, leading to 
weak protocol definitions [6]. 
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We investigate here a relatively unexplored 

interaction between a semiconductor 

charge qubit and a radiofrequency 

resonator, known as longitudinal coupling 

[1], which has been recently implemented 

in the context of superconducting qubits 

[2]. Such an interaction allows time-

multiplexed and quicker measurements of 

multiple qubits using a single resonator. 

Furthermore, the longitudinal coupling 

commutes with the measured qubit 

observable offering true quantum non-

demolition read-out and minimal Purcell 

decay. Finally, it would allow fast and high-

fidelity two-qubit CPHASE gates [3]. 

We study both dispersive and longitudinal 

qubit-resonator interactions as a function of 

the qubit Larmor frequency in the 

adiabatic regime. We report a conditional 

parametric displacement of the resonator 

field (see FIG.1.(a)), and rule out any 

dispersive contribution (see FIG.1.(b)), 

demonstrating a purely longitudinal 

interaction between the qubit and the 

resonator. Our work paves the way to the 

longitudinal read-out of spin-qubits in 

semiconducting hybrid devices [4,5]. 
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Figure 1: Parametric modulation of the 

longitudinal coupling with the drive amplitude. 

 

s 

 

 

Figure 2: Linear displacement of the resonator 

coherent state with the drive amplitude and 

independence in the resonator population, 

ruling out dispersive contribution. 
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Majorana modes, topologically protected 
edge states arising in 1D systems, 
demonstrate non-abelian anyonic 
properties, rendering them promising 
candidates as fundamental components 
for fault-tolerant quantum computers [1]. 
Despite extensive efforts spanning two 
decades to generate and manipulate 
these states in nanowires, their definitive 
existence remains elusive [2]. Recent 
proposals have shifted focus towards 
engineering chains of quantum dots (QDs) 
to emulate the Kitaev chain [3, 4]. While it 
is feasible to achieve a rudimentary 
version of Majorana modes with only two 
QDs, called Poor’s Majorana modes 
(PMMs), they often exhibit a limited 
topological minigap for fined tunned 
parameters. This is primarily due to the 
substantial magnetic fields required, which
is significantly detrimental for such short 
chains.

We present a novel approach to engineer 
a magnetic field-free Kitaev chain utilizing 
superconducting phase differences. Our 
strategy involves coupling each QD to 
three superconductors, see Fig. 1. By 
tuning the coupling between the two QDs 
and three (out of six) superconducting 
phases, we find PMMs without the need for
magnetic fields. Through analytical 
calculations of a minimal model and 
numerical simulations of a more realistic 
description, we demonstrate the 
robustness of our approach, yielding PMMs
across a broad parameter range. Notably, 
these modes exhibit measurable 
topological minigaps unaffected by 
magnetic field-induced smearing. 
Furthermore, our scheme facilitates the 

emergence of PMM in the strong coupling 
regime with the superconductors, thereby 
mitigating certain sources of noise.
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Figures

Figure 1: Sketch of the system analyzed in 
our work: a double quantum dot (QD) 
electrostatically defined in a semiconductor 
(SM), represented in red/blue colors. Each QD 
is coupled to three different superconductors 
(SCs). By tunning the coupling between the 
QDs (with the gates in orange) and controlling
three out of six superconducting phases, one 
can obtain Poor’s Majorana modes (PMM) on 
each QD, the so-called left γL and right γR 
Majoranas.
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Long-range quantum links between spin 

qubits in quantum dots [1,2] are a key 

aspect in architectures that scale to the 

thousands of qubits that are required for 

practical quantum computation. In this 

work we create a quantum link by shuttling 

a single electron spin across a linear array 

of six tunnel-coupled quantum dots (Fig. 1). 

An electron can be shuttled through the 

array in bucket-brigade mode (Fig. 2a) by 

sequentially pulsing both the 

electrochemical potential of each 

quantum dot and the interdot tunnel 

barriers. Alternatively, sinusoidal voltage 

signals can be applied to the channel 

gates to create a traveling wave potential, 

which we call a conveyor (Fig. 2b). We 

benchmark both bucket brigade and 

conveyor-mode shuttling while transporting 

the electron back and forth through the 

array. In bucket brigade, the (echoed) spin 

is shuttled with an average single hop 

phase flip probability of 0.57% (0.28%), 

consistent with earlier work on shuttling 

between two dots in silicon [3,4]. We find 

that conveyor mode shuttling improves the 

phase flip probability by a factor of 3.5 for 

the same shuttling distance. We also 

introduce a two-tone conveyor concept, 

which reduces the spin flip probability by 

another factor of 2. This method achieves a 

shuttling fidelity of 99% for an effective 

distance of 10 μm, covered in under 200 

ns.  
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Figure 1: False-colored scanning electron 

microscope image of a nominally identical 

device to the one used. The colors indicate 

different metallization layers on top of an 

isotopically enriched 28Si/SiGe heterostructure, 

forming a linear array of six quantum dots 

(indicated by numbered circles). Two sensing 

dots (SD) are placed at both ends of the array. 

 

 

 
 

Figure 2: Schematic representation of (a) 

bucket-brigade mode and (b) conveyor-mode 

shuttling. In bucket-brigade mode, the electron 

tunnels from site to site in an array of static 

quantum dots. In conveyor-mode, the electron 

is transported smoothly using a traveling 

potential wave. 
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In this talk I address the complex issue of 
utilizing Noisy Intermediate-Scale Quantum 
(NISQ) devices for simulating quantum 

many-body dynamics. Recent attempts to 
demonstrate quantum utility in this domain 

have been met with skepticism, as 
advanced tensor network methods quickly 
refuted these claims. The field faces a 

significant challenge: simulations requiring 
low entanglement are well within the grasp 

of tensor network approaches, but those 
needing deeper circuit depths encounter 

the 'universal attractor' of noise, leading to 
the loss of quantum coherence. In this 
context I will discuss some of our recent 

results using Trotterized time evolution [1], 
demonstrating the key problem and how 

far we can come with error mitigation. Then 
I will focus on two methods to tackle these 

issues in non-equilibrium systems like Floquet 
Hamiltonians. We have developed 
variational algorithms for approximating 

Floquet eigenstates [2] and a quantum-
classical feedback scheme to stabilize 

discrete time crystals on NISQ devices, 
considering the impact of noise [3]. These 

approaches aim to navigate the delicate 
balance between entanglement, circuit 
depth, and noise in NISQ devices. 
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Figure 1: Simulation of a quantum quench in a 

fermionic system. Investigation into the 
thermalization of complex quantum matter 

through quantum simulation. 

 

 
 

Figure 2: Quantum-Classical feedback scheme 

to stabilize a many-body localized discrete time 

crystal on a NISQ device. 

 

199

mailto:benedikt.fauseweh@tu-dortmund.de


 

QUANTUMatter2024 
 

Theory of Superconducting Diode effect in 

Multiterminal Josephson junctions 

 
 

Jorge H. Correa 
Michał P. Nowak 

 

AGH University of Krakow, Academic Centre for 

Materials and Nanotechnology, 

al. A. Mickiewicza 30, 30-059 Krakow, Poland 

 

jorge@agh.edu.pl 

 

 

We theoretically study the superconducting 

diode effect (SDE) in a three-terminal 

Josephson junction (Figure 1). The diode 

effect in superconducting systems is typically 

related to the presence of a difference in 

the critical currents for currents flowing in the 

opposite direction. We show that in multi-

terminal systems this effect occurs naturally 

without the need of the presence of any 

spin interactions and is a result of the 

presence of a relative shift between the 

Andreev bound states (ABSs) carrying the 

supercurrent (Figure 2).  The origin of this 

phenomenon is related to the local 

breaking of time reversal and inversion 

symmetries, resulting from the coupling of 

the third terminal with a phase different 

from 0, mod(π).  
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Figure 1: Planar Josephson junction. The pink 

region corresponds to the normal part and the 

gray superconducting segments are the 

superconducting leads. 

 

 
 

 

Figure 2: Energy spectrum (a) and supercurrent 

(b) in three-terminal Josephson junction hosting 

two ABSs characterized by different coupling 

strength to the superconducting terminals. The 

violet curve in (b) shows the non-reciprocal 

current carried by the two ABSs. The phase on 

the third superconducting terminal is φ3 = 1.5π. 
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The constant demand for faster and more 

efficient electronics encourages the deve-

lopment of solutions beyond Moore-era of 

CMOS technologies on which power 

consumption and thermal management 

has become a reason of major concern. To 

address the problem of the increasing 

power demand of modern computers, 

hybrid architectures combining CMOS 

devices with low-energy dissipation devices 

made of superconductor materials have 

been proposed. However, several issues 

need to be addressed for a realistic 

implementation. In this talk I will discuss the 

current progress of two emerging fields in 

superconducting electronics:  gate con-

trolled supercurrent (GCS) in metallic 

superconductors [1] and the 

superconduct-ting diode effect (SDE) [2]. 

The suppression of superconducting 

correlations due to a gate voltage in 

metallic platforms offer a promising 

alternative to Josephson junctions-based 

technologies with superior performance in 

terms of (i) scalability, (ii) interfacing with 

CMOS circuits, and (iii) stability against 

magnetic performance [3]. 

On the other side, SDE refers to the asym-

metric switching of the critical current re-

quired to turn a superconductor into the 

normal state depending on the current bias 

polarity. Breaking both inversion and time-

reversal is the foundational aspect to 

enable the diode effect. In our latest works, 

we demonstrate the potential of 

conventional Niobium-based nanobridges 

as tunable superconducting diodes. 

in a regime without magnetic screening [4]. 

Despite the intense efforts in designing 

highly efficient supercurrent diodes, most of 

the proposals relies on magnetic fields, 

magnetic materials, or vortices as time-

reversal symmetry breakers [5].  We 

propose a new paradigm for nonreciprocal 

superconducting transport in a completely 

magnetic field-free fashion that does not 

rely on time-reversal symmetry breakers [6]. 

We demonstrate nearly ideal rectification 

of the supercurrent in a gate-controlled 

reciprocal weak link by employing a back-

action supercurrent mechanism. The proof-

of-principle not only provides new 

functionalities to GCS devices, but it also 

represent a general pathway to design 

supercurrent diodes independently of the 

specific mechanism that yields the 

supercurrent suppression.  
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Figure 1: Model of sign-tunable diode effect in 

superconducting nanobridge. [4] 

 

 

 
 

Figure 2: Principle of supercurrent diode effect 

by supercurrent amplitude back-action. [6]  
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Abstract 

 

The first thermal machines steered the 

industrial revolution, but their quantum 

analogs have yet to prove useful. Here, we 

demonstrate a useful quantum absorption 

refrigerator formed from superconducting 

circuits. We use it to reset a transmon qubit 

to a temperature lower than that 

achievable with any one available bath. 

The process is driven by a thermal gradient 

and is autonomous -- requires no external 

control. The refrigerator exploits an 

engineered three-body interaction between 

the target qubit and two auxiliary qudits 

coupled to thermal environments. The 

environments consist of microwave 

waveguides populated with synthesized 

thermal photons. The target qubit, if initially 

fully excited, reaches a steady-state 

excited-level population of 5×10−4 ± 5×10−4 

(an effective temperature of 23.5 mK) in 

about 1.6 μs. Our results epitomize how 

quantum thermal machines can be 

leveraged for quantum information-

processing tasks. They also initiate a path 

toward experimental studies of quantum 

thermodynamics with superconducting 

circuits coupled to propagating thermal 

microwave fields. 
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Figure 1: Scheme and implementation of a 

quantum absorption refrigerator. 
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Abstract   
 
Recently, high-speed quantum-coherent 
electron sources injecting one- to few-
particle excitations into the Fermi Sea have 
been experimentally realized.[1]-[3] The 
main obstacle to using these excitations as 
flying qubits [4] for quantum-information 
processing purposes is decoherence due to 
the long-range Coulomb interaction [5]. An 
obvious way to get around this difficulty is to 
employ electrically neutral excitations, for 
instance electron-hole pairs from the 
composite source.[6] Here we discuss how 
such excitations can be generated on-
demand using the same injection principles 
as in existing electron sources. Namely, with 
the help of a voltage pulse of a certain 
shape applied to the Fermi Sea, or using a 
driven quantum dot with superconducting 
correlations. In the former case a two-
particle state (per spin) is excited, an 
electron-hole pair. While in the latter case a 
single-particle state with a variable charge is 
excited, an electron-hole superposition 
(EHS). Using a time-resolved electric current, 
in Fig.1 we show how the EHS composition 
varies with magnetic field from symmetric 
(electrically neutral) to asymmetric 
(charged). As shown in Fig.2, heat carried 
by EHS is proportional to charge, not noise, 
as in the case of the electron-hole pair state.  
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Figure 1: A time- and spin-resolved electric 
current injected into a normal lead from the 
Andreev’s level, driven by a gate potential 
linear in time, U ~ t. Graphs at different Zeeman 
energies, Ez/Δ= 1;1.1;1.2;1.3;1.4; and 1.5, are 
shifted for clarity. Δ is the superconducting gap  
  

 
 
   

Figure 2: Electrical and thermal quantities are 
smooth functions of Zeeman energy. In contrast, 
their ratios clearly demonstrate a phase 
transition at Ez=Δ, from the phase when the 
Andreev’s level crosses the Fermi energy and 
changes its population as the gate potential 
U(t) is varied, to the phase when the population 
does not change with varying U(t).  
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Abstract:

NISQ applications require improvements in
gate fidelities, scalability, and overcoming
experimental overheads. Qblox’s Cluster
system is designed to support these efforts
by providing fully integrated, time-efficient,
and ultralow-noise control stacks covering
frequency range of DC to 18.5 GHz, making
it suitable for various qubit types.
The Cluster control stacks incorporate Q1
advanced sequence processors capable
of sequencing pulses and their parameters
in real-time, and on-the-fly analysis of the
readout signals. Orders of magnitude
speed-up is achieved by avoiding
software-controlled loops and fast scalable
feedback operation.
RFSoC-based qubit control and readout
modules generate RF signals directly
on-chip, using double super-heterodyne
approach, eliminating the need for mixer
calibration. They are designed for scaling
up control and readout systems with higher
channel density, extended analog
bandwidth up to 1.6 GHz, and multiplexing
capability of up to 12 frequencies.

Additionally, a dedicated time-tagging
module with digital I/O streamlines readout
of single photon detectors for both time
tagging and photon counting.
To minimise errors at the individual qubit
level, the Qblox Cluster integrates real-time
pre-distortion within the signal chain. This
actively corrects pulse imperfections
imposed by travelling through cables and
cryogenic systems enabling repeatable
and high-fidelity control pulses.
Finally, Qblox’s fast scalable feedback
distributes measurement outcomes with
all-to-all connectivity to allow active-reset
operations and error mitigation algorithms.
This massively scalable approach brings
qubit control and readout to a new level
on the route to NISQ applications and
further to fault-tolerant quantum
computing.
For controlling the instrument, Qblox offers
open-source Python-based software
packages. The high-level software
package, Quantify, simplifies complex
quantum programming with libraries of
pre-defined pulse schemes tailored to
different qubit platforms.
For users requiring even greater control, the
system allows programming the Q1
sequencer directly using assembly
language for complex user-defined pulse
sequences allowing unparalleled control.
Additionally, Qblox integrates a Qiskit
compiler enabling seamless execution of
Qiskit experiments directly on the Qblox
Cluster.
In this talk we will dive deep into the Qblox
solution, from its hardware and software
architecture to real-world applications.
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Due to the progress in developing quantum
computing hardware platforms, more and
more attention is being paid to quantum
computing with d-level quantum systems,
qudits [1-4]. Since most physical systems
typically used as quantum information
carriers have more than two levels, the idea
of using the increased computational
space to perform quantum algorithms is
being actively studied. Moreover,
prototypes of qudit-based quantum
processors with photons, superconducting
circuits, and trapped ions have already
been presented [1,4].

In our work [2], we focus our attention on
trapped-ion-based qudits as an efficient
experimental control of such systems with
up to 8 levels with high enough gate
fidelities has been shown, and experimental
results for systems with even higher level
numbers have been presented. In
particular, we develop methods for
compiling qubit algorithms to the set of
native gates for trapped-ion qudits of
various experimentally relevant
dimensionalities (d=3,...,8). For qutrits (d=3),
we show how the third level simplifies
multi-qubit gate decompositions. For
ququarts (d=4), we explain how to obtain a

universal gate set for embedded in
ququarts’ space qubit pairs. Further, we
extend this approach to 5,6 and 7-level
qudits and demonstrate how each
additional level of a qudit (compared to
the first 4 levels) helps to reduce the circuit
width and depth in multiqubit gate
decompositions. Finally, we discuss how to
construct a universal set of gates with triples
of qubits embedded in quocts (d=8).

The main feature of the developed
methods is the use of qudit extensions of
the Mølmer-Sørensen gate as a basic
two-particle operation. It makes our results
directly applicable to existing prototypes of
qudit-based trapped-ion processors and
allows one to implement qubit algorithms
with qudit-based trapped-ion hardware.

The research is supported by RSF grant No.
19-71-10091.
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The accurate numerical simulation of 

materials from first principles inherently relies 

on an efficient description of the electronic 

correlation underpinning many observable 

properties. Especially in regimes of strong 

correlation, dynamical mean-field theory 

(DMFT) has emerged as one of the main 

workhorses for the accurate extraction of 

system properties that cannot be captured 

efficiently by higher level theories. However, 

the scalability of this approach often 

remains limited due to inabilities of classical 

techniques to capture the emergence of 

strong entanglement within the underlying 

many-body problems. In this talk, we 

discuss novel routes towards overcoming 

such barriers by integrating quantum 

algorithms into the DMFT pipeline which aid 

the computation of dynamical properties 

such as Green’s functions. We outline a 

hybrid quantum-classical approach [1] 

aiming to bring together the strengths of 

classical tensor network approaches and 

quantum algorithms to enable scalable 

simulations of strongly correlated materials. 

Within our hybrid scheme, schematically 

depicted in Fig. 1, we leverage the 

representational power of tensor networks 

as a classical description of the 

Hamiltonian's ground state, which typically 

exhibits low to medium degrees of 

entanglement. We then extract the 

dynamical properties required for DMFT 

simulations by applying a quantum 

algorithm to perform a real-time evolution 

of the state [2] naturally increasing the 

entanglement and limiting the applicability 

of classical wavefunction methods. 

In addition to the suitability of the tensor 

network to represent targeted Fermionic 

ground state, the success of the hybrid 

approach particularly hinges on the ability 

to prepare Fermionic tensor network states 

as shallow quantum circuits. In this talk, we 

show how general-purpose compilation 

approaches [3] can be adapted to reach 

necessary fidelities for the preparation of 

Anderson impurity model ground states. This 

paves the way for scaling the hybrid 

approach to practically relevant scenarios 

and eventually enable simulations that are 

out of reach of classical techniques. 
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Figure 1: Schematic overview hybrid approach 

to compute dynamical quantities for Anderson 

impurity models. 
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In this talk, we discuss using superconducting 

transmon qubit-based IBM quantum 

hardware to explore the quantum Kibble-

Zurek (QKZ) mechanism. In particular, we 

focus on the well-studied transverse-field 

Ising (TFI) model as one quenches the 

Hamiltonian across its quantum critical point. 

Theoretically, we investigate how standard 

QKZ predictions are modified for the TFI 

model in the presence of noise by focusing 

on an idealized model of decoherence 

using continuous quantum non-demolition 

measurements. From this we show how the 

strength of noise directly effects universal 

critical exponents. We conclude by 

discussing our efforts to observe such physics 

in IBM quantum hardware. 
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Figure 1: Qiskit simulation of the connected two-

point correlation function plotted as a function 

of space and time as one quenches a small 

number of qubits across the transverse-field Ising 

model’s quantum critical point. 
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The fundamental requirement for quantum 

information science is the ability to encode, 

transfer, process, decode, and store 

quantum information. An interesting 

application of quantum state storage is the 

storage of unknown unitary operations [1]. 

Here, we analyze and experimentally test a 

protocol in which we leverage partial prior 

knowledge about the to-be-stored unitary. 

 

Fig. 1(a) depicts the situation. The stored 

unitary operation is unknown, but we know it 

can be either U0 or U1, both a priori known 

and equally probable. We imprint the 

operation into an auxiliary quantum state 

|a⟩ and obtain state|s⟩, which can be 

stored. To retrieve the operation, we let |s⟩ 
couple with the target state |ψ ⟩ and 

perform quantum state discrimination on the 

auxiliary system. When the discrimination 

succeeds, the stored operation is perfectly 

retrieved and applied to the target state. 

 

We analyze the probability of correct 

retrieval as a function of the closeness of 

two operations to be stored. Then, we show 

that the success probability can be 

increased by repeatedly applying the 

stored operation to the auxiliary system. We 

show that the quantum operation 

performing the protocol is a solution to the 

positive-semidefinite program. If we 

additionally allow imperfect retrieval, we go 

beyond this protocol and can trade the 

effective fidelity for success probability. 

 

Finally, we present an experimental retrieval 

of an unknown phase-shifting operation, 

either +α or – α phase shift, using linear 

quantum optics [2]. The storage quality is 

assessed using quantum tomography of 

states and processes [3], and the results are 

compared to the reference case of the 

measure-and-prepare strategy. 
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Figure 1: (a) One of two possible operations (U0 

or U1) is imprinted into an auxiliary state. Then 

the operation is probabilistically retrieved and 

applied on a target state. 

(b) Experimental implementation – stored 

operation is phase shift, retrieval is achieved 

with CNOT gate, POVM measurement 

performing quantum state discrimination, and 

feed-forward. 
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Abstract  

 

Among the leading approaches to scalable 

quantum computers are systems made of 

optically addressable qubits, such as neutral 

atoms, trapped ions and solid-state emitters. 

In these platforms, quantum information is 

typically manipulated using optical fields, so 

that scaling to large systems demands a 

high channel-count, high-speed, and 

precise optical modulators at low 

incremental cost. Existing solutions are not 

practical beyond a few tens of channels, 

limiting the number of independent degrees 

of freedom in the quantum computer. Here 

we present a Photonic Control Unit (PCU) 

that enables scaling of the number of local 

addressing beams using integrated 

photonics. Using the PCU, we experimentally 

demonstrate high-speed, high-extinction 

modulation and multi-channel operation, 

supporting the visible to near-infrared 

wavelength range, therefore meeting the 

precision, power, and wavelength 

requirements of quantum computing 

applications. We outline the route to 

achieving hundreds to thousands of 

channels for scalable optical control of 

qubits. 
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Significant progress in the control of single 

electrons in semiconductor quantum 

computing devices has been recently 

shown [1, 2]. However in order to scale such 

systems to larger qubit counts the improved 

control of materials properties will be critical. 

In this work we show room temperature 

characterization of multi-layered test 

structures fabricated on the same chip as 

spin qubit devices [3]. We observe that on-

chip palladium interconnects have higher 

sheet resistances than palladium as 

deposited. Such additional resistance could 

be responsible for qubit “heating” during 

cryogenic device operation [5]. We also 

show the voltage- and frequency-

dependent dielectric properties for the 

amorphous alumina (Al2O3) material used as 

the interlayer dielectric and gate oxide in 

our spin qubit devices (Fig. 2). Such 

dispersive behaviour may contribute to 

charge noise and/or device drift. Finally, 

we also discuss our recent developments in 

the magnetic material of the nanomagnets 

used for qubit addressability. 
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Figure 1: The sheet resistance values of test 

structures integrated during fabrication of qubit 

device runs (black and blue squares) are larger 

than the values of as-deposited palladium test 

wafers (yellow squares), which are similar to 

those reported in de Vries [4].  

 

 
 

 
 

Figure 2: Frequency and voltage dependence 

of capacitance data for a 7 nm amorphous 

Al2O3 film between palladium electrodes.  
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Qubits that can be efficiently controlled are 

pivotal in the development of scalable 

quantum hardware. Resonant control is 

commonly embraced to execute high-

fidelity quantum gates but demands 

integration of high-frequency oscillating 

signals and results in qubit crosstalk and 

heating.  Establishing quantum control 

based on discrete signals could therefore 

result in a paradigm shift. This may be 

accomplished with single-spin 

semiconductor qubits, if one can engineer 

hopping spins between quantum dots with 

site-dependent spin quantization axis.  

Here, we introduce hopping-based universal 

quantum logic and obtain single-qubit gate 

fidelities of 99.97%, coherent shuttling 

fidelities of 99.992%, and two-qubit gates 

fidelities of 99.3%, corresponding to error 

rates that have been predicted to allow for 

quantum error correction. We demonstrate 

that hopping spins also constitute an 

elegant tuning method by statistically 

mapping the coherence of a 10-quantum 

dot system. These results motivate dense 

quantum dot arrays with sparse occupation 

for efficient and high-connectivity qubit 

registers. 

Figures 

    
Figure 1: (left) SEM image of the germanium 

quantum dot array device. (right) Schematic 

illustration of the coherent quantum control by 

hopping a single spin. 

 

 
Figure 2: Randomized benchmarking of (left) 

hopping-based single-qubit gate, and (right) 

two-qubit adiabatic CZ gate. 

 

 
Figure 3: (top) Layout of the 10 quantum dot 

array. (bottom) Shuttling operations in the 10-

dot device for measuring g-factor. 
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Abstract 
 
We propose a novel variational ansatz for the ground-state preparation of the Z2 lattice 

gauge theory (LGT) in quantum simulators. It combines dissipative and unitary operations in 

a completely deterministic scheme with a circuit depth that does not scale with the size of 
the considered lattice. We find that, with very few variational parameters, the ansatz can 
achieve >99% precision in energy in both the confined and deconfined phases of the Z2 

LGT. We benchmark our proposal against the unitary Hamiltonian variational ansatz and 

find a clear advantage of our scheme, especially when focusing on the nature of the 
confinement-deconfinement transition of the Z2 LGT. After performing a finite-size scaling 

analysis, we show that our dissipative variational ansatz can predict critical exponents with 
reasonable accuracies even for reduced qubit numbers and circuit depths. Furthermore, 
we investigate the performance of this variational eigensolver subject to circuit-level noise, 

determining variational error thresholds that fix the error rate pℓ below which p<pℓ it would 
be beneficial to increase the number of layers ℓ↦ℓ′>ℓ. In light of these quantities and for 

typical gate errors p in current quantum processors, we provide a detailed assessment of 
the prospects of our scheme to explore the Z2 LGT on near-term devices. 
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Dynamical gauge theories are crucial for 
understanding particle interactions 
mediated by gauge bosons. However, they 
are challenging to simulate using classical 
methods. The idea of a quantum simulator 
has led to research efforts to use low-
energy, engineered quantum devices to 
replicate high-energy physics phenomena 
[1]. A promising approach in quantum 
computation is to introduce quantum error 
correction, which involves extending the 
original Hilbert space and endowing it with 
local symmetries that define the code 
space. However, qubit-based QEC is 
challenging due to vast physical resource 
overheads and scalability issues. Bosonic 
codes offer a solution that exploits multi-
particle redundancy in bosons.  

In this talk, I will showcase the potential 
of bosonic codes in simulating dynamical 
gauge fields. Our approach involves 
encoding both matter and dynamical 
gauge fields in a network of resonators that 
are coupled through three-wave mixing 
nonlinearity. By operating the gauge 
resonators as Schrödinger Cat states, we 
establish a mapping to a Z2 dynamical 
lattice gauge theory. Our research explores 
the optimal conditions that enable the 
system to maintain the required gauge 
symmetries. Our results demonstrate the 
potential of realizing high-energy models 
using bosonic codes. 
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Figures 

 
Figure 1: (a) A chain of resonators labeled as 
matter (type a) and gauge (type b) modes are 
coupled through three-wave mixing. This setup 
can mimic a 1+1D lattice gauge theory (LGT) 
when gauge resonators adopt cat states with 
specific parity and amplitude. (b) The link site is 
represented by a Kerr parametric resonator 
experiencing a (parametric) two photon drive. 
(c) Drive and nonlinearity create cat states as 
ground states in a dynamic potential shaped by 
the parametric drive and the Kerr nonlinearity. 
 

Figure 2: Quasiprobability distributions at 
bosonic sites reveal the Z2 matter-gauge 
dynamics, manifesting as exchange between 
Fock states (matter) and cat states (encoded 
gauge field states). 
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Abstract  

 

Non-Abelian anyons are exotic quasiparticle 

excitations hosted by certain topological 

phases of matter. They are the building 

blocks of topological quantum computing. 

In this talk, I will report an experimental 

quantum digital simulation of projective 

non-Abelian anyons and their braiding 

statistics with up to 68 programmable 

superconducting qubits arranged on a two-

dimensional lattice. By implementing the 

ground states of the toric-code model with 

twists through quantum circuits, we 

demonstrate that twists exchange electric 

and magnetic charges and behave as a 

particular type of non-Abelian anyons, i.e., 

the Ising anyons. In particular, we show 

experimentally that these twists follow the 

fusion rules and non-Abelian braiding 

statistics of the Ising type, and can be 

explored to encode topological logical 

qubits. Furthermore, we demonstrate how to 

implement both single- and two-qubit logic 

gates through applying a sequence of 

elementary Pauli gates on the underlying 

physical qubits. 
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Figure 1: A schematic illustration of digital 

simulations of non-Abelian anyons.  
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One of the significant promises of quantum 

technology is the ability to simulate 

complex materials for applications such as 

novel electronics and improved electrodes 

for batteries. Analogue quantum simulators 

based on semiconductor quantum dots 

have already started to investigate these 

types of problems with the realisation of 

one-dimensional correlated phases [1-3], 

ferromagnetism [4], and resonating 

valence bond states [5]. However, all these 

quantum simulators have been well within 

the reach of classical simulation techniques 

due to the small number of sites and 

particles. Here, we show that atomically 

precise Coulomb-confined quantum dots 

allow for the controllable simulation of two-

dimensional quantum materials. As 

illustrated in figure 1, we use the sub-

nanometre precision of these quantum 

simulators to simulate a metal-to-insulator 

transition (MIT) of interacting electrons on a 

square extended Fermi-Hubbard lattice of 

15,000 sites -- well beyond the limit of 

classical simulations. The collective 

behaviour of the lattice is measured using 

temperature dependent transport 

measurements where we see the opening 

of an energy gap driven by electron-

electron interactions (a Mott insulator). 

These analogue devices provide a 

promising route for quantum simulation of 

interacting electrons on arbitrary two-

dimensional lattices such as quantum spin 

liquids, topological quantum matter, and 

unconventional superconductivity. 
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Figure 1: Schematic of the extended Fermi-

Hubbard model on a 2D square lattice. The sites 

(grey) hold up to 2 electrons (blue arrows) with 

electron hopping terms t, and on-site (inter-site) 
electron-electron interaction U (V). 
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Abstract 

 

Bosonic modes, thanks to their large Hilbert 

space, offer a hardware-efficient alternative 

for quantum information processing. 

However, to operate linear bosonic modes, 

some nonlinearity is still required, which is 

typically realized by an ancilla qubit. We 

present a bosonic mode consisting of a 

superconducting nonlinear asymmetric 

inductive element (SNAIL)-terminated 

planar resonator, which is controlled by 

microwave-activated nonlinearities in the 

SNAIL element. The Kerr nonlinearity is 

canceled by tuning the flux through the 

SNAIL to realize a close to linear mode when 

the system is idling. The off-resonant strong 

third order nonlinearity can be activated by 

applying a flux pulse at three times the 

frequency of the bosonic mode. Hence, the 

resulting tri-squeezing interaction promotes 

the more easily accessible Gaussian 

interactions to a universal gate set. By 

combining these interactions, we 

experimentally demonstrate Wigner-

negative states such as the cubic phase 

state. Furthermore, the operation of these 

native squeezing and tri-squeezing 

interactions can be combined with 

standard ancilla qubit control and thereby 

boost the control capabilities. 
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Figure 1: Wigner function of the experimentally 

generated cubic phase state (right) and 

corresponding theory prediction (left). Adapted 

from Ref. [1] 
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Different systems with (nearly) dispersionfree 
energy bands have appeared in the past years, from 
magic angle twisted bilayer graphene to optical 
lattices with exotic lattice geometries, such as the 
Lieb lattice or the Kagome lattice. Flat bands 
provide a fascinating arena for strongly correlated 
manybody phenomena, since their physics is 
automatically dominated by interactions.  
This talk is centered around different aspects of flat 
bands in cold atomic setups. First, I will discuss 
strategies to produce synthetic bilayer systems [1], 
and I will show how the superconducting phase of 
attractive fermions can be enhanced by twisting the 
bilayer [2]. Second, I will discuss Bose-Einstein 
condensation in flat bands [3].  In this context, an 
intriguing question arises: Will bosons in flat bands 
actually condense, and if yes, where? We have 
analyzed flat band condensates numerically and via 
a mean-field description. Our results do not only 
confirm that condensation in the flat band of a 
Kagome lattice is possible, but also that the 
condensate may even carry topological properties 
induced by interactions. 
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Figure 1: The topological condensate of bosons 

in a Kagome lattice (with pi flux) is 

characterized by a gap opening in the bulk 

spectrum and the appearance of edge states. 

 

 

 

217



QUANTUMatter2024 
 

Towards quantum simulation of spin wave modes in 

quantum dot arrays
Tzu-Kan Hsiao1,2 
Tien-Ho Chang1, Chia-Hao Wei1, Kim Chye 

Cheng1, Jian-Chang Zeng1, Fu-Yuan Gu1, Yin-
Chuan Lai1, Jun-Yang Yuan1, and Chi-Wei Lee1 
 

1Department of Physics, National Tsing Hua 

University, Hsinchu 300044, Taiwan 
 2Center for Quantum Science and Technology, 
National Tsing Hua University, Hsinchu 300044, 

Taiwan 
 
tkhsiao@phys.nthu.edu.tw 

Electrostatically-defined quantum 
dot arrays are a natural and versatile 
platform for quantum simulations of Fermi-
Hubbard and Heisenberg physics [1]. In 
particular, the development of control and 
readout techniques has facilitated 
simulations of quantum magnetism such as 
Nagaoka ferromagnetism [2], Heisenberg 
antiferromagnetic spin chains [3], and 
resonating valence bond states [4]. 
Nevertheless, these experiments mainly 
focus on measuring local spin correlations 
instead of long-range spin correlation, which 
can provide more insights. 

Here we propose an experiment to 
study quantized spin wave (magnon) 
modes, which play an important role in 
spintronics and quantum information 
processing [5]. Their long-range spin order 
makes the spin waves a good candidate for 
observing long-range spin correlations. We 
will describe experimental methods for 
preparing and probing the quantized spin 
wave modes in accessible quantum dot 
simulators. The long-range spin order can be 
confirmed by measuring the spin correlation 
as a function of distance. Finally, we will 
report our progress in device fabrication 
and measurement setup for this project. 
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Figures 

 

 
Figure 1: Top: As the system Hamiltonian is 

engineered from four decouple dimers to a ring, 
the eigenstates evolve from singlet-triplet 
product to spin wave states. Bottom: Energy 

spectrum of a subspace with seven down spins 

and one up spin. 

 

 
 

Figure 2: Top: Pauli-spin-blockade readout for 

spins in a spin wave state. Bottom: singlet 
projection probability as a function of site 
separation for the lowest spin wave state. The 

result shows the long-range spin correlation in 

the spin waves. 
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Optimal-depth quantum circuits are crucial 

for pushing the boundaries of current noisy 

intermediate-scale quantum technology, 

where noise effects in the output become 

stronger with the depth of the quantum 

circuit. When constructing (the cycles of) 

the quantum circuits for the quantum 

simulation of quantum matter by 

Trotterization, typically, a two-qubit 

quantum gate must be added for each 

edge of a lattice graph, with qubits on its 

vertices. Since each qubit can participate in 

at most one quantum gate at a time, 

associating colors with layers of quantum 

gates, a depth-optimal cycle is described 

by a minimal edge coloring of the lattice 

graph. We develop and implement a 

classical algorithm that efficiently finds 

minimal edge colorings of lattice graphs 

and thereby depth-optimal circuits for the 

quantum simulation of quantum matter 

[1,2]. Once a solution is found that solution 

can be repeated indefinitely by 

translational symmetry. We demonstrate the 

algorithm by minimal edge coloring a 

plethora of relevant lattice graphs, including 

the meshes of all k-uniform tilings of the 

plane for k less than 7, while utilizing modest 

computational resources.  

 

 

 

 

                                                                      

 
 

Figure 1: Optimal circuit for the quantum 

simulation of the Heisenberg model on the 

square lattice, with nearest, next-nearest and 

next-next-nearest neighbor interactions. Every 

color represents a layer in the quantum circuit. 

The solution can be repeated indefinitely in the 

vertical and horizontal directions without two 

edges of the same color meeting at a vertex, 

or, when interpreted as a circuit, without gate 

collisions. 
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Due to anisotropic long-range interactions, 

degenerate ultra-cold dipolar gases of 

Erbium and Dysprosium exhibit supersolidity 

[1,2], an exotic phase of matter both 

density-modulated and phase coherent. It is 

theorized that these supersolids maintain 

their phase coherence due to a superfluid 

background. While density modulation can 

be directly observed and phase coherence 

emerges from self-interference, the 

superfluid nature of the system in terms of 

irrotational flow has yet to be shown 

unambiguously. Quantized vortices, a 

defining feature of superfluidity, is an 

unequivocal probe of irrotational flow which 

can be used to prove the existence of the 

superfluid background in the supersolid 

phase. Here we study, both experimentally 

and theoretically, the creation of vortices in 

both the unmodulated BEC phase [3] and 

the modulated supersolid phase of Dy-164 

[4]. 
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Figure 1: Simulation of a rotating dipolar 

quantum gas featuring quantized vortices [3] 
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Abstract 

When studying complex quantum systems 

on a classical computer, researchers 

typically rely on finding exact eigenvalues 

and eigenvectors that correspond to the 

system's energy levels and eigenstates. 

Despite the potential of quantum 

computers to outperform classical ones, 

they currently lack a comparable 

framework. In this talk, I will show that in 

some cases the structure of quantum 

systems can be studied on quantum 

hardware using local conservation laws. 

Conservation laws are fundamental to 

physical description because they 

constrain the behavior of a system. While 

most systems have a limited number of 

observable laws, others, such as strongly 

disordered systems exhibiting many-body 

localization [1], can be completely 

described by a large set of them. 

Mathematically, these laws are expressed 

by many conserving operators, commonly 

referred to as local integrals of motion 

(LIOMs) [2,3]. Finding a complete set of 

LIOMs for a large localized quantum system 

provides its complete description, 

comparable to eigenstates. 

 
 

Figure 1. Average structure of the detected 

LIOMs. Left: Spatial structure with contributions 

from 1-local (green), 2-local (blue), 3-local 

(yellow), 4-local (red), and all (orange) Pauli 

operators. Right: Distribution over Pauli 

operators. 

Using our method, we faithfully reconstruct 

a complete set of LIOMs for 1D and 2D 

disordered interacting systems, with the 

cost independent of system size. The results, 

on up to 124 qubits, depth 60, error-

mitigated quantum circuits, focus on the 

paradigmatic setting of Floquet systems, 

which exhibit disorder-induced ergodicity 

breaking. In regions where ergodicity is 

violated, we efficiently reconstruct 

complete sets of LIOMs. From the LIOMs, we 

extract signature system properties, such as 

site-dependent localization lengths. In 

ergodic regions, we show the absence of 

LIOMs by hallmark signatures. In 1D, we 

validate the experiments against classical 

numerics and find good agreement. 

Our work demonstrates a new path for 

studying many-body quantum systems 

using quantum hardware, and provides 

new insights into the many-body localized 

regime of a two-dimensional system of 

qubits. 
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Low energy excitations in specially 
designed optical lattice systems can 
behave like relativistic particles. 
Inhomogeneous perturbations of these 
lattices can give rise to effective coupling 
to artificial electromagnetic fields and 
curvature. We give a review of interesting 
strong field phenomena, like spontaneous 
pair creation or graviational lensing, still 
not accessible in direct experiments, 
which can be simulated with cold atoms in
finite size optical lattices.
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Figures

Figure 2: Simulation of spontaneous pair 
creation in lattice from Fig. 3 with attractive, 
none and repulsive interaction. 

Figure 1: Finite size effects in a deformed 
optical 2D lattice (left top), interpreted in 
terms  of a continuous analogue curved space
(right top) lead to a gravitational lensing of 
propagating plane wave excitations (bottom 
left, right). 

Figure 3: Modulated 1D optical lattice can 
simulate spontaneous pair creation via the 
dynamical Schwinger effect.
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Local Hamiltonians Hk describe non-trivial k-
body interactions in quantum many-body 
systems. Here, we address the dynamical 
simulatability of a k-local Hamiltonian by a 
simpler one Hk’ with k′<k under the realistic 
constraint that both Hamiltonians act on the 
same Hilbert space [1]. When it comes to 
exact simulation, we build upon known 
methods to derive examples of Hk and Hk’ 
that simulate the same physics. Next, we 
address the most realistic case of 
approximate simulation. There, we upper-
bound the error up to which a Hamiltonian 
can simulate another one, regardless of their 
internal structure, and prove, by means of 
an example, that the accuracy of a (k′ = 2)-
local Hamiltonian to simulate Hk with k > 2 is 
likely to increase with k. Finally, we propose 
a numerical method to search for the k′-
local Hamiltonian that simulates, with the 
highest possible precision, the short time 
dynamics of a given Hk Hamiltonian. 
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Abstract 

In this work, we theoretically study the ground-state properties and out-of-equilibrium 
dynamics when a Kondo impurity couples with 1D and 2D attractive Hubbard bath. First, we 
find the ground state exhibits a singlet-doublet phase transition, and observe the competition 
between the Kondo correlation and the superconducting (SC) order. In particular, the SC 
gap on the two sides of the 1D chain exhibits a  phase shift when the Kondo singlet forms. 
Then we study the relaxation dynamics of the impurity coupled to a 2D bath and observe a 
fast buildup of Kondo correlation near the impurity, with a spin-wave emitted into the bath. 
The presence of the SC gap leads to an exponential decay of the spin-wave amplitude. 
Finally, we study the transport between two 1D chains connected by the impurity. By adding 
a bias voltage, we observe the Josephson effect in the weak-link regime and the ballistic 
charge transport when the Kondo singlet forms. The charge transport further dramatically 
influences the bath and the impurity state, leading to rich behaviors such as the dynamical 
breaking of the Kondo singlet. 

 

Figure: Ground-state and non-equilibrium physics of a Kondo impurity coupled to attractive 
Hubbard bath(s). (a) We consider a fermionic bath with attractive Hubbard interaction of strength , 
such that the fermions with opposite spins can form Cooper pairs in the bath (denoted by the 
dashed ovals). A Kondo impurity is coupled to the bath via a spin-exchange interaction of strength 
. (b) When , the fermions tend to form Cooper pairs in the bath, with the impurity being close 

to a free spin, thus the system is in a doublet phase with total spin 1/2. When , the Kondo 
impurity and one electron in the bath together form a Kondo singlet, thus the system is in the singlet 
phase with total spin 0. By tuning  and , a first-order phase transition (denoted by the red dot) 
happens between the doublet and the singlet phase. (c) Consider two chains of Fermions with 
attractive Hubbard interaction connected by the Kondo impurity. By adding external bias voltages 

, we study the charge transport in this setup, such as the behavior of the charge current 
. (d) The transport properties of the setup in (c) shows five qualitatively different regimes 

(I,II,III,IV.A,IV.B).
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In recent years, programmable, analogue 
quantum simulators have become capable 
of simulating quantum critical phenomena 
in many-body systems, including dynamical 
phase transitions. However, many of these 
quantum simulations are focussed on Ising-
type Hamiltonians with transverse fields, as 
these are native to quantum hardware 
platforms like superconducting flux qubits or 
neutral atoms. The simulation of 1D-systems 
of spinless fermions, or quantum spin chains, 
poses a challenge to these platforms due to 
the lack of non-stoquastic couplings. 
We propose a method to simulate the time-
evolution of certain spinless fermionic 
systems in 1D using simple Ising-type 
Hamiltonians with local transverse fields. Our 
method is based on domain-wall encoding 
[1], which is implemented via strong 
(anti-)ferromagnetic couplings |J|. We 
show that in the limit of strong |J|, the 
domain-walls behave like fermions in 1D. This 
approach makes the simulation of certain 
fermionic many-body systems accessible to 
contemporary analogue quantum 
hardware that natively implements Ising-
type Hamiltonians with transverse fields. 
As a proof-of-concept, we perform 
numerical simulations of various fermionic 
systems, such as the Aubry-Andre model, 
using domain-wall evolution and accurately 
reproduce various properties, such as phase 
diagrams and dynamical phase transitions. 
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Figures 
   

 
 

Figure 1: Illustration of the energy landscape of 
the domain-wall Hamiltonian. For sufficiently 
large |J|, the subspaces corresponding to 
different numbers of domain walls are 
separated by energy gaps of approx. 4|J| (red 
shaded areas). In each subspace, the domain-
wall Hamiltonian is effectively a 1D-fermionic 
system, up to some perturbation due to off-
diagonal matrix elements that vanish for large 
|J|. 
 
 
 

 
 

Figure 2: Time-evolution of the participation 
entropy S2PR (a, b) and MBL-phase diagram (c, 
d) of the Aubry-Andre model. The left plots (a,c) 
show the true quantities, while on the right (b,d) 
we see the approximation by domain-wall 
evolution. The blue, green and orange crosses 
in (c,d) correspond to the respective curves in 
(a,b) 
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Abstract 

 

Neutral atoms have emerged as a 

promising platform for quantum computing 

and quantum simulation. A key advantage 

lies in the ability to induce controllable 

long-range interactions by exciting the 

atoms to Rydberg states. In this talk, I will 

present our theoretical research focusing 

on the pivotal role of Rydberg interactions 

in a variety of atomic systems, enabling the 

study of exotic many-body physics and 

quantum simulations. For bosonic atoms in 

optical lattices [1], we show that Rydberg-

dressing can lead to the emergence of 

density wave and supersolid states. The 

profile of these interactions can be 

characterized by examining the structure of 

density correlations and studying quench 

dynamics. In the case of degenerate Fermi 

gases [2], we show that Rydberg-dressed 

interactions can induce anisotropic Fermi 

surface deformation and Cooper pairs that 

reflect the characteristics of the target 

Rydberg state. Moreover, we recently 

proposed to investigate many-body effects 

in Rydberg atom arrays, where the 

exchange interactions of Rydberg atoms 

can be harnessed to tune the dynamics 

and phase transitions. These findings pave 

the way for further exploration of quantum 

simulation and computation using neutral 

Rydberg atoms. 
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Quantum Many-Body Problems range 
from those that are tractable with 
techniques such as Matrix Product 
States (MPS) for non-critical 1D systems 
[1], Dynamical Mean Field Theory 
(DMFT) for impurity models [2], 
Quantum Monte Carlo [3], and 
physically inspired ansätze (like the 
Bethe ansatz and perturbation 
theories), to those that are 
computationally challenging, such as 
2D materials on different lattice 
topologies [4]. Beyond these, quantum 
simulations offer hope. In recent years, 
however, Neural Network ansätze are 
being investigated to overcome the 
limitations of these numerical methods. 
In this talk, I will compare different NN 
architectures such as Restricted 
Boltzmann Machines (RBMs) [6], feed-
forward neural networks, and 
Transformers [5] for solving spin long-
range models, both in weak and strong 
interaction regimes, for uniform models 
like the transverse Ising model or models 
with all-to-all couplings and quenched 
disorder in the couplings and 
longitudinal field, such as the Quantum 
Sherrington-Kirkpatrick Model. 
We will discuss the physics of the 
different NN ansätze, show the phase 
diagram [See figure 1], the critical 
exponents, and the physics of the 
models, as well as the computational 
complexity of the neural networks in 
comparison to other numerical 
methods. The idea of the talk is to 
demonstrate that AI-inspired techniques 
can be useful for quantum many-body 

problems and can complement the 
efforts in quantum simulators. 
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Figures 
 

 
 
Figure 1: Phase diagram for the antiferromagnetic 
quantum Ising model with long-range interactions (i.e., 
the spin-spin interaction decreases as J/|i-j|), plotted as 
a function of J and .	 This serves as an example of 
preliminary calculations performed with 50 spins, 
utilizing the transformer as a variational ansatz. The 
phase boundary aligns with those obtained from the 
Density Matrix Renormalization Group (DMRG) 
calculations, which are more computationally intensive 
[7]. 
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One dimensional chains of 
antiferromagnetically coupled spins have 
gathered significant attention due to their 

distinct properties, particularly the 
realization of symmetry protected 

topological phases. These phases manifest 
as a gap in the bulk excitation spectrum and 
the emergence of effective degrees of 

freedom with fractional spin values at the 
edges of the chain [1,2]. Recent progress in 

on surface nanographene Haldane spin 
chains, studied by means of scanning 

tunneling inelastic spectroscopy, has 
provided indirect evidence of 
fractionalization via the observation of 

Kondo peaks at the chain edges [3].  
 

In this work, we propose a new approach to 
study these fractional degrees of freedom 

using scanning tunneling microscopy 
electron-spin resonance (STM-ESR)[4] by 
mapping the stray field generated by the 

Sz= ±1 states of the low energy manifold in 
the Haldane spin chain [5]. We use machine 

learning techniques to invert the Biot-Savart 
equation and obtain the expectation value 

of the local spin operators. This provides a 
direct measurement of two emergent 
properties: the fractional magnetic moment 
and the localization length 𝜉.  
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Figures 

 

 
 

Figure 1: a) Scheme of the proposed 

experiment to measure fractionalization by 

means of ESR-STM. A Haldane chain is built on a 
kondo-free surface. The system is described as if 

there were two S = 1/2 objects at the edge. An 

ESR active atom (sensor atom) is placed near 
the chain to infer the magnetic moments of 

such chain from its stray field. b) Spin density of 

the Sz = +1 triplet state for β = 0.09. 
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Abstract  
 

The advent of two-dimensional 
magnetic van der Waals(vdW) 
heterostructures has expanded the 
boundaries of nano-magnetism and led to 
novel ideas for information transfer in the 
field of spintronics[1]. By probing the intrinsic 
layer-dependent magnetic phases, it is 
possible to gain fundamental understanding 
of spin structure and dynamics[2]. We aim to 
study these exotic magnetic phase 
transitions using a local, non-invasive 
scanning magnetometry technique. Our 
sensor consists of a single nitrogen-vacancy 
(NV) center in diamond that is attached to 
an AFM cantilever to enable scanning 
measurements at cryogenic 
temperatures[3]. 

 
 We are particularly interested in 
studying the magnetic phases of CrSBr, a 
layered 2D vdW anti-ferromagnet with 
intralayer ferromagnetic (FM) and interlayer 
anti-ferromagnetic (AFM) coupling[4]. We 
quantitatively characterize the FM to AFM 
phase transition in bilayer CrSBr by directly 
imaging the FM-AFM phase boundary as it 
propagates through the sample[5]. Strikingly, 
we observe the formation of characteristic 
“cusp-like” features in the FM-AFM phase 
wall which leads to the creation and 
propagation of AFM-AFM domain walls. 
Furthermore, we correlate the interplay 
between the phase walls and neighboring 
connected CrSBr multilayers to ultimately 
decipher the spin configuration of the 
underlying layers. 
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Figures 

 
 

Figure 1:  Imaging the FM to AFM phase transition 
in bilayer CrSBr at 5.2K using scanning NV-
magnetometry reveals the presence of a “cusp-
like” deformation of the phase boundary. The 
cusp merges into a line of non-zero stray 
magnetic field (boxed) traversing across the 
AFM region, which we associate to an AFM-AFM 
domain wall. 
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Single-photon emitters in 2D hexagonal 
boron nitride (hBN) have emerged as a 
promising platform for room-temperature 
quantum optical technologies[1-3]. Recently, 
we reported coherent control of single 
electronic spins in hBN, identifying a spin-
triplet ground state with large zero-field 
splitting and coherence times of up to 
microseconds under ambient conditions [4]. 
In this contribution, we build on this work 
and investigate the symmetry properties of 
these emitters using photoluminescence 
(PL) and optically detected magnetic 
resonance (ODMR) spectroscopy with 
angle-resolved magnetic fields. We 
combine these measurements with 
polarisation-dependent PL to study the 
relationship between the emission transition 
dipole and defect spin axis direction. In 
some cases, we find that continuous wave 
ODMR contrast of emitters is over 65%. Our 
results provide insight on the rich spin 

dynamics underpinning this novel solid-
state qubit platform and further reveal the 
potential of van der Waals materials for 
quantum information and sensing, where 
their reduced dimensionality opens routes 
to new nanoscale devices and sensors. 
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Figures 

 
Figure 1: (a) ODMR spectrum of a single emitter 
at zero field. (b) ODMR spectra under an 
applied in-plane magnetic field. The white line 
represents a fit to an S=1 ground state with zero-
field splitting parameters extracted from (a). 
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Abstract 

Hong-Ou-Mandel interferometry takes 
advantage of the quantum nature of two-
photon interference to increase the 
resolution of precision measurements of 
time delays. Relying on few-photon probe 
states, this approach is applicable also in 
cases of extremely sensible samples and it 
achieves attosecond-scale resolution, 
which is relevant to cell biology and two-
dimensional materials. Here, we 
theoretically analyze how the precision of 
Hong-Ou-Mandel interferometers can be 
significantly improved by engineering the 
spectral distribution of two-photon probe 
states. In particular, we assess the 
metrological power of different classes of 
biphoton states with non-Gaussian time-
frequency spectral distributions, considering 
the estimation of both time and frequency 
shifts. We find that grid states, 
characterized by a periodic structure of 
peaks in the chronocyclic Wigner function, 
can outperform standard biphoton states 
in sensing applications. 
After discussing the spectral engineering of 
photon pairs, we will discuss the use of 
more general quantum states possessing a 
higher number of photons for estimating 
time shifts using the presented intrinsic 
multimode quantum metrology approach. 
We will show that the particle-number and 
time-frequency degree of freedom are 
intertwined for quantifying the ultimate 
precision achievable by quantum means. 
Increasing the number of photons of a 
large entangled EPR probe state actually 
increases the noise coming from the 
frequency continuous variable hence 
deteriorating the precision over the 
estimation of a time shift. 
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Figures 

Figure 1: n-photon frequency entangled state in 
different spatial mode as a probe for estimating 
small temporal parameter. 
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Quantum state teleportation represents a 

pivotal result of the quantum information 

theory and one of the essential protocols 

for the creation of quantum networks. 

In the literature there are several photonic 

implementations of the protocol for 

different degree of freedoms [1-2], 

however until now there are no 

implementation in the single mode 

vacuum/one-photon encoding. 

 

Previous attempts to use this particular 

encoding led to the implementation of the 

entanglement swapping protocol [3] since 

maximally entangled states in such an 

encoding can be generated through the 

use of a beam splitter. In contrast, the 

teleportation protocol results more 

challenging since the difficulty of creating 

generic single mode vacuum/one-photon 

state. 

 

In this work [4], we present the genuine 

implementation of a quantum teleportation 

protocol in single-rail vacuum/one-photon 

coding using a quantum dot-based single 

photon source coherently controlled in a 

micro-cavity. Indeed, it has recently been 

experimentally demonstrated how this type 

of source allows the creation of 

superposition states of vacuum and single 

photons [5].  

Furthermore, with the same apparatus we 

demonstrate the implementation of an 

entanglement swapping protocol using the 

time-bin encoding.  

 

Our results disclose new applications and 

potentialities for the single-rail vacuum/one-

photon encoding in the quantum information 

and quantum communications. 
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Figures 

 
Figure 1: Conceptual scheme of the protocol 
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Point defects quantum bits in wide-bandgap 

semiconductors with controllable electron 
and nuclear spin states provide a versatile 

toolbox for developing applications in the 
fields of quantum sensing, quantum 
information processing, and quantum 

computation. Recently, two-dimensional 
semiconductors have gained considerable 

attention for hosting quantum states. The 
negatively charged boron vacancy center 

(VB center) [1] is among the first point defect 
qubits in hexagonal boron nitride (hBN), 
whose spin could be initialized, coherently 

manipulated, and read out.[2] The possibility 
of exfoliation of hBN and the creation of 

vacancy centers close to the surface have 
opened new horizons for quantum sensing 

low dimensions.[3] 
My talk outlines the physics of the VB center 
in hBN, see Fig. 1, and discusses recent 

advances in light of quantum sensing. In 
particular, I will discuss the electronic 

structure and optical spin polarization 
mechanism of the VB center and identify 
key ingredients of the quantum noise of hBN 

quantum sensors.[1,4,5] I will show that by 
shifting from low magnetic fields to higher 

magnetic fields, the decoherence 
mechanisms of the VB center involve 

different flavors of hyperfine coupling and 
many-body physics. I will discuss optimal 
magnetic field ranges and possible 

coherence-protecting strategies. These 
findings collectively advance our 

understanding of the VB center in hBN and 

its potential applications in quantum 
technologies. 
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Figures 

 

 
 

Figure 1: Structure and spin density of the 

negatively charged boron vacancy center in 

hexagonal boron nitride. 
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In the field of analog quantum simulation, 

coupled cavity arrays (CCAs) have 

emerged as promising platforms for creating 

quantum baths of varying complexity, 

crucial for emulating complex many-body 

Hamiltonians [1, 2]. However, enhancing the 

reliability and compactness of these systems 

is of fundamental interest for their practical 

utility. Addressing this challenge, our work 

introduces a novel compact (50x75 µm2), 

versatile, and low-disorder (σ/f = 0.21 %) 

CCA platform based on high-kinetic 

inductance NbN thin films (Figure 1). 

Additionally, we present a new approach to 

study and extract disorder in CCAs by 

leveraging symmetry-protected topological 

SSH modes (Figure 2). The adaptability of our 

platform in controlling the mode density 

presents exciting prospects for the study of 

quantum impurity models and atom-photon 

bound states physics [3,4]. 
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Figure 1: High kinetic inductance metamaterial. 

a. Optical micrograph of the metamaterial. b. 

Scanning electron micrograph of the 

metamaterial. c. Lumped-element model  

d. Coupled cavity model of the metamaterial. 

 
 

 
 

Figure 2: Measured spectrum of CCAs with 

increasing number of cavities in the SSH 

configuration. With the bulk modes in blue and 

edge modes in red. 
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Quantum emitters, such as quantum dots 

and organic molecules, have an extremely 

narrow emission line at cryogenic 

temperatures and emit single photons when 

they are isolated [1]. Additionally, the 

interaction between quantum emitters 

leads to the formation of superradiant and 

subradiant states [2]. Superradiant states are 

characterized by a better coupling to light 

than an isolated emitter, which might be 

used to design faster photon sources. In 

contrast, subradiant states couple worse to 

light and have a larger lifetime, with possible 

applications in quantum information 

storage.  

To better characterize the possibilities that 

these cooperative effects introduce to 

manipulate quantum properties of light for 

quantum technologies, we perform a 

detailed theoretical analysis of the intensity 

correlation of the photons emitted from two 

interacting emitters.  

First, we study the color-blind intensity 

correlation g(2)(0), which measures the 

correlation between all the photons emitted 

from the system. We find that g(2)(0) can be 

tailored from strong antibunching, when the 

laser is tuned resonantly tuned to the 

superradiant state |Λ−⟩ (blue line in Fig. 1a), 

to strong bunching, when the laser is tuned 

to the two-photon resonance (red line), 

which allows for a large control of the 

quantum properties of the emitted photons. 

Interestingly, g(2)(0) shows a complex 

behaviour when the laser is tuned to the 

subradiant state |Λ+⟩ (green line in Fig. 1a), 

with the possibility of emitting both bunched 

and antibunched light depending on the 

laser intensity. 

Moreover, we also analyse the frequency-

resolved intensity correlation (FRIC) 

g(2)(𝜔1, 𝜔2; 0), which measures the 

correlation between pairs of photons of 

specific frequencies. The dependence of 

g(2)(𝜔1, 𝜔2; 0) on 𝜔1 and 𝜔2 is frequently 

analysed using 2D maps, as the one 

depicted in Fig. 1b. These maps are very 

promising characterization tools that unveil 

complex emission processes, such as two-

photon emission transitions through virtual 

states [3]. In summary, we demonstrate that 

the statistics of light emitted from interacting 

emitters can be widely tailored and its 

characterization can unveil complex 

emission processes in this system. 
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Figures 

 
Figure 1: (a) g(2)(0) vs. laser intensity 𝐼, for the 

different laser detunings depicted in the inset. 

(b) FRIC map when the laser is tuned resonantly 

to the subradiant state |Λ−⟩ and the laser 

intensity is fixed at 50 times the saturation 

intensity 𝐼𝑠𝑎𝑡 of the single emitter. 
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Physically, one tends to think of
non-Hermitian systems in terms of gain and
loss: the decay or amplification of a mode
is given by the imaginary part of its energy.
Here, we introduce an alternative avenue
to the realm of non-Hermitian physics [1],
which involves neither gain nor loss. Instead,
complex eigenvalues emerge from the
amplitudes and phase-differences of
waves backscattered from the boundary of
insulators. We show that for any strong
topological insulator in a Wigner-Dyson
class, the reflected waves are
characterized by a reflection matrix
exhibiting the non-Hermitian skin effect. This
leads to an unconventional Goos-Hanchen
effect: due to non-Hermitian topology,
waves undergo a lateral shift upon
reflection, even at normal incidence (Fig.
1). Going beyond systems with gain and
loss vastly expands the set of experimental
platforms that can access non-Hermitian
physics and show signatures associated to
non-Hermitian topology [2][3].
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Figures

Figure 1: Schematic figure for the
non-reciprocal Goos-Hanchen effect
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The interplay between quantum interference effects and non-equilibrium dynamics in 
quantum devices offers a promising avenue for applications. In this talk, we investigate the 
interplay between these phenomena and their potential for quantum sensing applications, 
focusing on a specific system consisting of two quantum dots (QD) in a parallel configuration 
coupled to a source and drain.  
The parallel QD system is known to exhibit a sensitive response in its stationary particle current 
to external perturbations much smaller than the system-lead coupling and the temperature 
[1], which is a direct consequence of an underlying parity-like symmetry. Under equilibrium 
conditions this symmetry gives rise to two degenerate ground states, leading to the 
emergence of two stationary states in nonequilibrium. On an intuitive level the two states 
correspond to a bright and dark state due to the interference of the electron traveling 
through the two possible paths of the parallel QD system.  
The underlying symmetry also impact the system’s transient behavior and the parallel QDs 
exhibit metastability. The system’s metastability manifests in long-lived, slowly decaying states 
and are described by classical dynamics between two metastable phases. The competition 
of those two metastable phases explains the sensitive behavior of the stationary current 
towards small perturbations.  
Our goal is to harness this sensitive response for charge sensing which is not limited by 
temperature. Analyzing the sensitivity in terms of the particle current signal-to-noise ratio we 
find that the parallel QDs outperform an analogous single QD setup for a wide range of 
parameters [2].  
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Abstract  
 
In this work, we utilize Shannon-Renyi entropy 
of local Pauli observables of one-dimensional 
quantum spin chains at a critical point and 
extract the central charge from the scaling 
behavior of its sub-leading term for two 
distinct universality classes, namely, 
transverse field Ising(TFI) chain with Z2 
symmetry, XXZ chain with U(1) symmetry. To 
this end, we first utilize simulated variational 
quantum eigen-solver (VQE) to prepare the 
ground state of the critical spin chains. We 
run our experiments on IBM quantum 
processors and leveraging the unique 
topology we measure the central charge 
both for open and periodic boundary 
conditions. The latter aids in reducing the 
finite size effect, even when the system size is 
L=12. Finally, equipped with advanced error 
mitigation schemes such as probabilistic error 
cancellation, we extract an estimate of the 
central charge for TFI and XXZ chains with an 
accuracy reaching 7% in the periodic 
boundary condition set up. 
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Figures 

 
 

 

Figure 1: Schematic of measurement of central 
charge from local measurements in IBM 
quantum processors 
 
 

 
 

 

Figure 2: Second Renyi entanglement entropy 
of transverse field. Using the probabilistic error 
cancelation, we prepare state with fidelity of 96 
percent leading to accurate values of central 
charge.  
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Dissipative Kerr solitons arising from 
parametric gain in ring microresonators are 
usually described and understood within a 
classical mean-field framework. In this work, I
develop a quantum-mechanical model of 
dissipative Kerr solitons in terms of the 
Lindblad master equation formalism and 
study the model via the truncated Wigner 
method. In my talk, using the theory of 
open quantum systems, I will show that the 
solitons experience a finite coherence time 
due to quantum fluctuations originating 
from losses. The Liouvillian spectrum of the 
system is characterized by a set of 
eigenvalues with finite imaginary part and 
vanishing real part in the limit of vanishing 
quantum fluctuations. This arrangement 
emerges asymptotically in the limit of large 
input power, and the Liouvillian gap 
vanishes as a power law of the total photon
occupation in the microring modes. This 
shows that DKSs are a specific 
manifestation of a dissipative time crystal. 
Establishing the link between DKSs and 
dissipative time crystals is an important step 
in the study and characterization of 
spontaneous time-translational symmetry 
breaking in quantum systems out of 
equilibrium. While being a theoretical work 
per se, special consideration will be given 
to the experimental implementations of the
system under investigation.
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With progress made in the scalability of 

semiconductor-based spin qubits, the 

development of highly integrated 

architectures has become essential [1]. 

Although CMOS technology provides 

advantages for integration and scaling [2] 

mostly due to advances in manufacturing 

processes, the use of structures like single 

electron tunnelling devices limits de facto 

the latter because of the presence of 

contacts and the requirement for extra 

control gates. The use of dispersive charge 

sensing in single electron boxes (SEB) [3] has 

significantly improved device footprints 

while maintaining a high-fidelity readout. 

However, the presence of a reservoir still 

limits its use in high density architectures in 

practice. 

With the view of better scalability and higher 

qubit density, we have investigated a 

compact single electron double box (SEDB) 

integrated into a Si-CMOS array and 

performed high quality readout without the 

need of any reservoir. 

The device itself is based on a multi-gate 

CMOS architecture with independent 

tuneable control and exchange gates [4]. 

Readout is implemented by a double 

resonant circuit with superconducting 

inductors [5].  

By comparing a double-box to a single-box 

in the same Si-CMOS system, the charge 

readout capabilities of the double-box are 

assessed. This compact, reservoir-less charge 

sensor offers a promising approach for spin 

readout in a large and dense qubit 

architecture. 
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Figures 

 
Figure:  Comparison between the SEB and SEDB 

readouts in the configurations indicated in the 

inset (detector in red, sensing in black, unused 

in white). The left panels show the dispersive 

signal whereas the right panels display the 

charge sensing. The ‘Vi’ are voltages applied to 

the dots ‘i’. 
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Abstract  

 

Lattice gauge theories (LGT) are promising 

yet challenging candidates for quantum 

simulation protocols, because of their highly 

constrained dynamics and complex 

interactions. A fundamental issue in any 

experimental proposal is the mitigation of 

errors breaking the local gauge symmetries, 

thus leading to unphysical results. However, 

weak continuous measurements of the 

symmetry generators drive a transition to a 

regime where the quantum Zeno effect 

protects gauge invariance [1]. We extend 

this approach in the context of digital 

quantum simulations by measuring ancillary 

qubits coupled to the system [2] and show 

that it can be applied also to nonabelian 

LGTs implemented on qudit platforms [3-5]. 

Our findings provide valuable tools for error-

mitigation and error-correction schemes in 

quantum simulations of strongly interacting 

and highly constrained quantum systems.  
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Figures 

 

 

Figure 1: Measurement of two neighboring local 

symmetry operators by coupling to ancillary 

qubits. A feedback correction layer can be 

added to correct incoherent spin-flip errors. 

 

 

 
 

Figure 2: comparison between the exact 

dynamics (a), with coherent errors (b), and 

measurement-induced error mitigation (c). 
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Abstract  

 

The observation of the quantum anomalous 

Hall (QAHE) effect in Cr- & V-doped thin 

topological insulators (TI’s) [1] gave access 

to dissipationless edge states without the 

need for an external magnetic field, in 

principle paving the way for developing 

low-power consumption topological 

quantum electronic and spintronic devices. 

This striking effect is fundamentally caused 

by the opening of an inverted gap in the 

topological surface states of the TI, given 

by the out of plane magnetization of the 

magnetic dopants (see Figure 1). 

Unfortunately, the disorder from the 

magnetic dopants confined these states to 

ultralow temperatures (few mK) hindering 

any possible applications. 

 

Intrinsically magnetic topological insulators 

have been proven to be an excellent 

platform to combine magnetism and 

topology at high temperatures, allowing 

the observation of the QAHE [2] and further 

magnetic topological phases at record-

high temperatures [3]. Recently, Angle 

Resolved Photoemission Spectroscopy 

(ARPES) measurements of MBE-grown films 

of Mn-rich Mn1Sb2Te4[4] were argued to 

support it being a ferromagnetic 

topological insulator with – as yet - the 

highest Curie temperature TC=45K.  

 

In this talk, I present our latest ARPES data 

from Mn-rich Mn1+xSb2-xTe4 single crystals 

with TC as high as 70K (Figure 2). I will discuss 

the pro’s and con’s of using single crystals 

in the chase for a ferromagnetic 

topological insulator with very high 

transition (Curie) temperature, and 

introduce surface decoration with alkali 

metals and the use of circular dichroism in 

ARPES as powerful methods beyond 

conventional ARPES to sharpen the 

determination of the topology of these 

materials. 
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Figures 

 
 

Figure 1: Opening of a magnetic gap within the 

topological surface states. 

 

 
 

Figure 2: Our ARPES data in Mn1+xSb2-xTe4 single 

crystals & current picture of the system. 
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Weyl Semimetals (WSMs), materials with 

three-dimensional topologically protected 

electronic states, show highly interesting 

physical properties including surface Fermi-

arcs, the chiral magneto-transport anomaly 

and extremely high electron mobilities. One 

promising application field of WSMs is spin-

orbitronics, as the Fermi-surface is expected 

to play an important role in the spin-to-

charge conversion efficiency, according to 

theoretical investigations [1,2].  

In this work, we report the growth of 

epitaxial, single-crystalline NbP and TaP Weyl 

Semimetal thin films [3] by means of 

molecular beam epitaxy, and their 

successful integration in spin-torque devices. 

We have assessed the structural quality of 

the films (Fig.1a) featuring an atomically flat 

surface, essential for the observation of 

topological bands by photoemission (Fig. 

1b). Furthermore, we rely on the preparation 

of high-quality in-situ TaP/NiFe interfaces to 

investigate the spin-orbit torques produced 

by the topological WSM by means of spin-

torque ferromagnetic resonance (ST-FMR). 

The TaP/NiFe/MgO devices show signatures 

of large spin-orbit torques induced by the 

Weyl Semimetal: (i) a very strong symmetric 

component of the voltage lineshape across 

the resonance related to damping-like 

torques (Fig.1c) (ii) a clear scaling of the 

resonance linewidth by applying an external 

DC bias through the bilayer (Fig. 1d).  The 

connection between Fermi-surface 

topology and spin-to-charge conversion is 

addressed by performing angle-resolved 

photoemission on the TaP surfaces prior to 

the in-situ deposition of the magnetic layers, 

and probing the spin-torque efficiency 

along the high-symmetry directions of the 

WSM.  A drastic enhancement of the spin-

orbit torque efficiency is observed when the 

current is driven along Г-X and Г-Y direction, 

where the topological surface states are 

located. 
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Figure 1: (a)Transmission electron microscopy 

image of a TaP thin film, showing ordered 

epitaxial lattice planes and an atomically flat 

surface. The crystal structure is drawn for clarity. 

(b) Angle-resolved photoemission 

measurements of the TaP thin films, showing 

four-fold symmetric electronic pockets at the 

Fermi-energy. (c) Frequency-dependent ST-FMR 

of a TaP/Py/MgO device, evidencing a strong 

symmetric lineshape component indicative of 

damping-like spin-orbit torques. Inset: Optical 

image of ST-FMR device. (d) Linewidth 

dependence of the ST-FMR signal, showing a 

consistent scaling with applied DC bias. The 

slope is proportional to the magnitude of the 

induced spin-orbit torques per charge unit. 
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Abstract  
 
The magnetic proximity effect (MPE) 
between a ferromagnet (F) and a 
superconductor (S) mediates the 
emergence of spin-triplet correlations in the 
superconducting condensate, inducing a 
spin-dependent splitting of its density of 
states (DOS) [1,2]. Thus, F/S interfaces allow 
for studying the properties of unconventional 
superconducting systems, which have 
already demonstrated important quantum 
technology applications such as the pi-
shifted Josephson effect [3].  
In this work, we study such F/S interfaces in 
superconducting tunnel junctions (STJs) in 
which in which a thin film of the 
ferromagnetic insulator (FI) EuS is evaporated 
on top of one of the Al superconducting 
electrodes. Th STJs are defined by the 
evaporation through shadow masks of 
EuS/Al/AlOx/Al heterostructures.  In the mK 
temperature regime, the current-voltage 
characteristics of the junctions reveal a spin-
dependent DOS, from which the strength of 
the magnetic exchange field in the system 
can be estimated (Fig. 1).  
Moreover, the junctions exhibit the 
Josephson effect, which is studied as a 
function of the magnetic configuration of the 
EuS film. We show that the Josephson current 
is strongly suppressed by a uniform 
magnetization of the EuS film, while the order 
parameter of the systems does not seem to 
be affected as much from the DOS analysis. 
We also show that the Josephson effect can 
be recovered by applying a magnetic field 
close to the coercive field of the EuS film.  

We discuss the introduction of our EuS/Al 
based weak links in a DC-SQUID design, in 
which the current-phase relation of the 
system and its dependence on the EuS 
magnetic state can be revealed.  
Our results shed light on the role of F/S 
interfaces in engineering Josephson effect-
based devices and suggest the use of EuS/Al 
interfaces to mimic an external magnetic 
field in quantum transport experiments [4,5]. 
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Figures 
 

 
 

Figure 1: Current-Voltage characteristic of a 
EuS/Al/AlOx/Al STJ and corresponding dI/dV, 
revealing the DOS of the condensate.  
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Abstract 

 

Analog quantum simulators promise to shed 

light on current problems in natural sciences 

before digital, fault tolerant quantum 

computers reach quantum practicality. In 

recent years, semiconductor gate-defined 

quantum dot arrays have emerged as a 

promising platform for both digital and 

analog efforts. In the past, these systems 

have been used to simulate a plethora of 

physical phenomena [1-5], thanks to the in-

situ tunability of tunnel couplings and onsite 

interactions, as well as the direct mapping of 

their Hamiltonian to an extended Fermi-

Hubbard or Heisenberg model, depending 

on the parameter regime. 

 

In this work, we use an array of quantum dots 

in a Ge/SiGe quantum well to simulate the 

dynamics of single spin excitations or 

magnons, based on our previous efforts 

characterizing charge and two-spin states in 

similar devices [5,6]. For this purpose, we 

control exchange interactions between 

neighbouring sites throughout the array, 

individually tunable over several orders of 

magnitude. Using transitions with a controlled 

degree of adiabaticity and exchange-

based gates, we demonstrate initialization 

and readout of several spin states. This 

ultimately allows us to initialize single 

magnons in desired locations in the array 

and pinpoint their position as they propagate 

over time. We observe their evolution for 

different exchange coupling configurations 

and topologies, and compare the results to 

simulations based on the Heisenberg model. 

Furthermore, we exploit the rich physics of 

holes in germanium to explore the impact of 

disorder to the magnon dynamics. Owing to 

their strong intrinsic spin-orbit interaction, 

spins in germanium exhibit site-dependent g-

tensors, which act as a source of single-site 

disorder. We observe how moderately high 

ratios of disorder to interactions disrupt the 

ideal dynamics of single magnons and 

ultimately lead to localization. The obtained 

results are promising in the context of 

simulating many-body localization and other 

disorder-based solid-state phenomena. 
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Figure 1: AFM image of a 2x4 germanium 

quantum dot ladder with four sensing dots, 

nominally identical to the one used for this 

experiment. 
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Two-dimensional (2D) materials often host 
emergent  physical  phenomena  in  the 
atomically  thin  limit.  Here,  we  spatially 
resolve  the  magnetization  in  four-layer 
(4L)  Fe5GeTe2,  a  van  der  Waals 
ferromagnet  [1],  utilizing  X-ray 
photoemission  electron  microscopy 
(XPEEM) [2]. Generally, the magnetization 
is found to be determined by an easy-plane 
anisotropy.  Within  90°  domain  walls,  a 
quasi-ordered phase (QOP), consisting of a 
continuous  rotation  of  the  in-plane 
magnetization  of  approximately  180°,  is 
observed across length scales up to nearly 
one  micron  (Figure  1).  These  quasi-
ordered  phases  also  host  a  vortex  and 
antivortex  [3,  4]  (Figure  1),  which  are 
pinned  to  the  boundaries  with  the 
surrounding  domain  wall.  These 
experimental findings will be presented in 
the broader context of magnetic textures, 
topological  phase  transitions  in  2D 
materials  and  possible  quantum 
applications.
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Figure 1. Domain wall topology of 4L 
Fe5GeTe2. The domain wall (shown in yellow) 
facilitates a ~90° rotation (green → red). The 
magnetization rotates by ~180° across a 
quasi-ordered phase (QOP; green → blue → 
pink). Scale bar = 100 nm. These XPEEM data 
were acquired at 50 K.

Figure 2: Field-induced response in 4L 
Fe5GeTe2. Field pulses of alternating polarity 
were applied. In response, textures 2 and 3 
move, while textures 1 and 4 remain 
stationary. Scale bar = 100 nm. These XPEEM 
data were acquired at 50 K in zero field. 
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Abstract  

 

Magnetic topological insulators (TIs) are 

expected to open new doors in the field of 

spintronics, electronics, quantum 

computation and metrology. MnSb2Te4 has 

attracted great interest due to its 

ferromagnetic behaviour, thanks to Mn-Sb 

antisites [1], and its relatively high Curie 

temperature. In this work we study the MBE 

growth of highly crystalline MnSb2Te4 layers. 

SQUID magnetometry under zero–field-

cooled (ZFC) show a Curie temperature 

around 40K and the average magnetic 

moment per Mn atom of the order of 1–

1.5μB, similar to that of bulk MnSb2Te4 single 

crystals [2]. Ferromagnetism is 

demonstrated by the M(H) hysteresis loops, 

magnetotransport measurements and x-ray 

magnetic circular dichroism (XMCD). 

Finally, transmission electron microscopy 

(TEM) reveals that Mn is incorporated as a 

structural component to form septuple 

layers (SLs) with the presence of Mn-Sb 

anitisites. 

 

 

 

 

References 

 

[1] Ido Levy et al. Cryst. Growth Des.2022, 

22, 3007-3015. 

[2] S. Wimmer, et al. Advanced Materials, 

volume 33, issue 42, (2021) 

Figures 

 

-30000 -20000 -10000 0 10000 20000 30000

-1,25

-1,00

-0,75

-0,50

-0,25

0,00

0,25

0,50

0,75

1,00

1,25

m
B
/M

n
 a

to
m

Magnetic Field (Oe)

 5K

 20K

 50K

 
 

Figure 1: Magnetization in out of plane 

magnetic fields measured of 40 nm MnSb2Te4. 

 

 

 
 

Figure 2: Cross-sectional HAADF-STEM image of 

30nm MnSb2Te4. 
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A major challenge in topological 

magnetism lies in the three-dimensional 

(3D) exploration of their magnetic textures. 

A recent focus has been the question of 

how 2D skyrmion sheets vertically stack to 

form distinct types of 3D topological strings, 

what happens to these strings when they 

are clamped at an interface, how these 

topological objects couple across 

interfaces of dissimilar materials, and how 

these states can be further manipulated? 

 

In this talk, I will present an overview of the 

capabilities of polarization- and energy-

dependent resonant elastic x-ray scattering 

(REXS) for the study of three-dimensional 

structural variations of magnetic skyrmions 

[1-4] and related topological objects, such 

as chiral bobber lattices [5], hybrid 

skyrmions [6], and the folding and unfolding 

of magnetic skyrmion strings [7]. 
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Figure 1: (a) Creation of a chiral bobber 

structure via heterostructure engineering by 

joining two different skyrmion species with 

comparable lateral dimensions. (b) Magnetic 

truncation rod analysis of (b) skyrmions and (c) 

chiral bobbers. 
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Material development plays a vital role in 

the search for topological states that have 

been predicted to be formed in 

semiconductor (SE) nanowires coupled to 

conventional superconductors (SUs) [1-2]. 

This prediction has been followed by a 

series of experiments that are consistent 

with the predictions [3-4]. In the system, the 

Zeeman energy, that is required for hybrid 

nanowires to enter the topological phase, is 

provided by external magnetic fields 

exceeding the induced gap, which is 

detrimental to the parent super-

conductivity. Is it possible to further develop 

hybrid materials and thus minimize the 

need for the external field? It is well-known 

that materials combining ferromagnetism 

and semi-conductivity, that is ferro-

magnetic insulators (FMIs), have been 

developed for spin-based electronics, and 

intrinsic magnetism can be induced by 

them. The ferromagnetic hybrid nanowires, 

which integrates a FMI into SE–SU NWs, i.e. 

SE–SU–FMI NWs, is derived from this idea. In 

this talk, I will present our recent works on 

epitaxial SE–SU–FMI InAs-Al-EuS hybrid 

nanowires in-situ grown in a molecular 

beam epitaxy system [5-6]. The results 

suggest that these hybrid NWs have a 

superconducting hard gap, a hysteresis 

transport behaviour and a shape-defined 

magnetic single domain structures based 

on well-controlled epitaxy. They can 

strongly support the zero-field applications 

of quantum devices, e.g., revealing the 

evidence of zero-field topological 

superconductivity in InAs-Al-EuS NW based 

devices [7]. 
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Figure 1: SE–SU–FMI NWs as a promising platform 

for zero-field applications. Middle panel: 

schematic of InAs-Al-EuS NWs; left panel: 

superconducting hard gap of InAs-Al-EuS NWs; 

right panel: magnetic single domain of InAs-Al-

EuS NWs. 
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Topological magnetic heterostructures are 

promising layers with unique unidirectional 

magnetotransport properties and band 

structures that enable a wide range of new 

physics and advanced spin polarised devices. 

Here, we grew magnetically coupled 

heterostructures of topological insulators (Bi2Se3) 

sandwiched between two ferromagnetic 

insulator (FMI) layers (EuS) to create FMI/TI/FMI 

tri-layers and elucidated the induced spin 

chirality using Lorentz transmission electron 

microscopy (LTEM), superconducting quantum 

interference device hysteresis and temperature-

dependent magnetism measurements (SQUID), 

polarized neutron reflectometry (PNR) and 

micromagnetic modelling.  

The robust (unique) interfacial DMI brings 

the magnetic order of the system above room 

temperature. This steady-state magnetization 

profile through the TI is not commensurate with 

the crystal or interface chemical structure. The 

conical phase is located along the growth 

direction, (000L), where the total moment 

rotates depending on the interaction strength. 

The conical phase is getting more energetically 

stable at much lower temperatures of 4 K 

(below the Curie temperature of EuS) because 

of the local moment saturation. The modulated 

phase is a consequence of competing 

magnetic interaction between bulk EuS and 

interface magnetism due to DMI, resulting in a 

particular topological spin configuration at 

higher temperatures. Above the Curie 

temperature, the bulk in-plane component of 

magnetism due to EuS smears out and the out-

of-plane component along the growth 

direction remains. Finally, the trilayer structure 

undergoes a phase transition to either a 

ferromagnetic or a skyrmion phase, where real 

space observation is confirmed by Lorentz 

transmission electron microscopy. Such an 

exotic state of matter exists up to room 

temperature and above and is quite stable 

against any external perturbations. 

 

The origin of magnetism observed in the LTEM, 

SQUID and PNR data at different temperatures 

has been investigated by developing 

micromagnetic models based on the Landau-

Lifshitz-Gilbert formalism. Experimental 

observations of the chiral spin were reproduced 

using micromagnetic models and their 

numerical solutions. Phase diagrams of the 

triangular skyrmion lattice at 0 K and room 

temperature have been generated with a 

variety of saturation magnetizations and DMI 

settings. The parameter window Ms and DMI 

that stabilizes the skyrmion lattice in the models 

are consistent with the earlier experimental 

temperature dependent SQUID results [1] with 

Ms~17 ± 5 kA/m and Di (DMI) ~ 4.56 ± 0.78 µJ/m2, 

which was not measured directly previously. 

The experimental and modelling results 

suggest that the chiral nature is driven by the 

interfacial DMI between adjacent FMI and TI. 

The coupling strength of the two interfaces 

increases the possibility of forming a non-

collinear spin texture and a skyrmion lattice. Our 

results might pave the way for engineering new 

strong interlayer coupling effects in topological 

magnetism for room temperature operation. 
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Abstract  

 

Monolayer group-V materials exhibit rich 

physics such as single-element 

ferroelectricity, nontrivial topology, varied 

spin-orbit coupling, and light-induced 

structural dynamics. We show with ab initio 

calculations that light can induce hidden 

transient phases in both the ferroelectric 

and paraelectric monolayers. We illustrate 

the nontrivial topological character of these 

system by using the recently introduced 

idea of spin bands and spin-resolved Wilson 

loops, and show that the topology changes 

via the closing of the respective band gaps 

in the presence or absence of photo-

induced structural phase transitions. The 

evolution of topological edge states is also 

discussed. Our study provides multiple 

strategies to tailor electronic and spin 

topology via ultrafast control of photo-

excited carrier and structural dynamics. 
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Figure 1: Phase diagram for monolayer 

ferroelectric Pmn21 Bi as a function of 

photoexcited carrier density n in electron-hole 

pairs per unit cell (e/f.u.) and electronic 

temperature Te in mRy. 

 

 
 

 
 

Figure 2: Band structure of Pmn21 Bi as a 

function of n for Te = 20 mRy, with the quasi-

Fermi level for holes EFh set to zero. At n = 0.105 

e/f.u., the doubled quantum spin Hall insulator 

becomes a 2D Dirac semimetal with space 

group P4/nmm. The inset shows the 2D Brillouin 

zone with the Dirac points denoted as D. 
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Spin-photon interfaces are a key ingredient 
for quantum technologies, enabling 
quantum information to be mapped 
between stationary spins and photons 
travelling at the speed of light. Spin-photon 
interfaces are also promising as a 
deterministic source of entangled photonic 
graph-states [1], which are resource states 
for measurement-based quantum 
computation and one-way quantum 
repeaters. The ideal spin-photon interface 
combines both a highly coherent spin and 
coherent, efficient photon emission. 
 
Self-assembled semiconductor quantum 
dots (QDs) are demonstrated excellent on-
demand sources of indistinguishable, single-
photons. Gated devices allow deterministic 
charging of the QDs, and impressive 
progress has been achieved in mitigating 
the impact of magnetic noise from the host 
nuclear spins on electron-spin 
decoherence [2]. Although the ingredients 
for a leading spin-photon interface (high-
fidelity spin control, long coherence times, 
high-efficiency photon extraction) have 
been demonstrated in individual quantum 
dot experiments, combining all these 
components at a state-of-the-art level is an 
important outstanding challenge. 
 
Here, we demonstrate a system that 
combines the best of all worlds: we achieve 
fast and high-fidelity coherent control of a 
QD hole-spin, a spin decoherence-time T2* 
of 500 ns, all on a QD embedded in a 
tunable open microcavity with an  
 

exceptionally high end-to-end single 
photon source efficiency. Many spin 
rotations can be carried out and many 
photons can be created before the spin 
loses its coherence; the photons are 
extracted with high efficiency. We use a 
microwave-modulated control scheme [3], 
making coherent rotations around an 
arbitrary Bloch sphere axis trivial and 
allowing all-optical cooling of the host 
nuclei to extend the hole spin coherence. 
We achieve a maximum π -pulse fidelity of 
98.7%, and ultra-fast Rabi frequencies 
above 1 GHz. Our work demonstrates the 
potential for semiconductor QDs as fast, 
efficient, and coherent spin-photon 
interfaces. 
 

Figure 1: (a) High-quality Rabi chevron pattern 
obtained following nuclear bath cooling. (b) 
Cavity-enhanced ultra-fast spin control, 
showing Rabi oscillations up to 1 GHz Rabi 
frequency. (c) Ramsey interferometry 
performed after nuclear bath cooling, 
demonstrating T2*=500 ns. 
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Abstract

The atomic resolution of the scanning

tunnelling microscope (STM) enables

fluorescence on the scale of single

molecules. Recent experiments

demonstrate the change from a broad

plasmonic resonance to a sharp peak in

the photon emission spectrum, by moving

the tip laterally from the bare substrate

towards the molecule [1].

These systems are of particular interest to

the quantum cryptography community

because they have been reported to emit

non-classical light (antibunching) [2, 3].

We propose a microscopic model based

on the quantum master equation

approach for the reduced density matrix of

the central system. In particular, we focus

on the description of the emission

spectrum, conductivity and photon

coherence. Additionally, by using full

counting statistics, we calculate the Fano

factor and correlations between emission

and currents. The model provides a simple

framework to explain the features observed

experimentally in the photon spectrum and

the electronic conductance.
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Figures

Figure 1: Schematic of two metallic electrodes

forming a plasmonic nanocavity. A two-level

system in the nanogap couples to the confined

electromagnetic field. Electrons can tunnel from

the tip to the molecule, activating the

fluorescence of the molecule.

QUANTUMatter2024
254



 

QUANTUMatter2024 
 

Quantum simulator based on 

electromechanically coupled carbon nanotube 
Marta Cagetti 
Stefan Forstner, Roger Tormo Queralt, Cristoffer 

Moller,David Czaplewsky, Adrian Bachtold 

ICFO-The Institute of Photonic Science, Av. Carl 

Friedrich Gauss, Barcelona, Spain  

Marta.cagetti@icfo.eu  

 

 

 

Mechanical resonators are systems with 

high-quality factors and can easily couple 

to a wide range of forces rendering them 

excellent candidates for 

sensing. They are also increasingly 

promising candidates for quantum 

information technology. In particular, 

capacitively coupled, suspended carbon-

nanotubes (CNTs) can enable new 

research-avenue due to their unparalleled 

electromechanical coupled strength [1] . 

Quantum dots (QD) have been defined in 

nanotubes to read out and control the 

mechanical motion electrically [2].                

One of the main difficulties 

in quantum dots defined in a carbon 

nanotube is to measure the system’s 

dynamics when the electrons are bounded 

in the quantum dot, where common 

techniques based on conductance 

measurements are not applicable. This 

state is however interesting for the 

realization of electro-mechanical qubits , 

ultraprecise sensors, and quantum 

simulators [3-4]. The target is to employ 

CNT-based sensing dots to carry out real-

time measurements of a carbon nanotube 

electromechanical system hosting a 

double quantum dot at a timescale faster 

than the mechanical period. This can 

enable exploration of interesting 

phenomena, especially in the context of 

quantum simulator 

 

 

Figures 

 

 
 

Figure 1: SEM imagine of a suspended CNT( 

indicated by white arrow). The CNT is 

suspended over 5 electrodes used to define 

QD.    

An extra electrode has been added to define a 

3th QD used as charge sensor 
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Hybrid platforms combining molecular spins 

and superconducting circuits allow scaling 

up quantum computational resources by 

either exploiting the chemical design of 

molecules behaving as multiple qubits or 

qudits or via a proper engineering of the 

superconducting circuit [1-3]. Here, we 

address experimentally this second option. 

We focus on circuits based on lumped 

element LC resonators. Their relevant 

properties, resonance frequency r and 

quality factor Q, can be widely tuned without 

affecting the transmission through the 

readout line. Here, we realize resonator pairs 

able to introduce communication channels 

between remote spin qubit ensembles (Fig. 

1). A superconducting chip consisting of 

seven LC resonator couples has been 

designed and fabricated. Resonators have 

r ranging from 1.7 GHz to 3.0 GHz, which 

makes them individually addressable. 

Couplings between resonators in each pair 

have been engineered by the design of the 

two capacitors and their mutual distances. 

We explore their coupling to free radicals, 

model S=1/2 spin qubits, deposited onto 

either one or the two inductors of each pair 

(Fig.2). In the first case, we observe strong 

coupling of the spin ensemble to “its local” 

resonator and, besides, to photon modes in 

its remote companion. In resonator pairs 

hosting two different organic radicals we 

have observed evidences for the coherent 

coupling between the polaritonic light-

matter states of both resonators. These 

experiments provide a method for 

performing spin resonance on a given 

specimen at two resonances simultaneously 

and pave the way for introducing coherent 

communication channels between two 

remote spin qubit ensembles, thus for scaling 

up this hybrid platform. 
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Figure 1: Top: sketch of two coupled resonators 

hosting two different molecular spin ensembles. 

Bottom: Microwave transmission data showing 

an additional anticrossing between two 

polaritons, which bears evidence of coherent 

communication between the spin ensembles. 
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Even in the absence of external 

illumination, a resonator exhibits modes 

populated with virtual photons, known as 

cavity vacuum fields. Placing a 

complementary split ring resonator (CSRR) 

around a GaAs-based heterostructure Hall 

bar, effectively immersing it in cavity 

vacuum fields, introduces a long-range 

perturbation that manifests itself effectively 

in opening a scattering channel for 

electrons in both bulk and edge states. 

Using this platform, previous investigations 

have demonstrated a breakdown of the 

topological protection of edge states 

within the integer quantum Hall regime [1]. 

Instead of the expected quantized Hall 

resistance and associated zero longitudinal 

resistance, quantization in Hall plateaus is 

lost paired with a finite longitudinal 
resistance. The theoretical interpretation of 

this effect, termed “cavity-mediated 

electron hopping” by C. Ciuti [2], describes 

the anti-resonant interaction between 

cavity vacuum fields and electrons in 

neighboring Landau levels, enabling 

electrons to scatter in and out of 

topologically protected edge states. This 

anti-resonant effect decays exponentially 

in magnetic field, with a decay rate 

associated to the system’s Rabi frequency. 

 

In a recent experiment, we improved the 

experimental platform by introducing an in 

situ technique to vary the coupling 

between the cavity and the electrons 

inside the Hall bar. Utilizing three Atto cube 

micro-positioners, we can dynamically align 

and adjust the position of the 2D cavity 

plane relative to the Hall bar, enabling 

selective coupling with the extruding 

fringing fields of the cavity. This 

configuration allows for real-time tuning of 

the coupling as a function of the distance 

between the cavity plane and the Hall bar 

sample.  

As the resonator is brought closer to the Hall 

bar, thus increasing the coupling, we 

observe intriguing phenomena such as the 

reduction of the g factor and the 

hardening of the gap for fractional Laughlin 

states 7/5, 5/3, and 4/3 [Fig. 1].  
 

These experimental findings offer exciting 

perspectives and hint at the potential 

emergence of a novel phenomenon within 

the field of cavity-engineered quantum 

materials. 
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Figure 1: Figure 1a) shows the energy gap of the 

Zeeman-split states as a function of the 

magnetic field. From the corresponding linear 

fit, we infer the g-factor of the system indicated 

in the legend; in 1b) we show the activation 

energy for the fractional states. 
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Abstract  

 

Randomized measurement protocols such 

as classical shadows [1] represent powerful 

resources for quantum technologies, with 

applications ranging from quantum state 

characterization and process tomography 

to machine learning and error mitigation. 

Recently, the notion of measurement dual 

frames, in which classical shadows are 

generalized to dual operators of POVM 

effects, resurfaced in the literature [2]. This 

brought attention to additional degrees of 

freedom in the post-processing stage of 

randomized measurements that are often 

neglected by established techniques. 

In this work, we leverage dual frames to 

construct improved observable estimators 

from informationally complete measure-

ment samples [3]. While standard classical 

shadows use a canonical dual frame to 

build observable estimators, we introduce 

novel classes of dual frames which can be 

optimized to reduce the variance of 

expectation value estimations significantly 

while retaining computational efficiency, 

see Figure 1.  

Remarkably, this comes at almost no 

quantum or classical cost, thus rendering 

dual frame optimization a valuable addition 

to the randomized measurement toolbox. 
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Figure 1: Variance reduction for the estimation 

of expectation values compared to standard 

classical shadows for different types of empirical 

frequencies dual frames, taken from [3]. Violin 

plots show the distribution over 200 random 

pairs of states and observables for the indicated 

qubit number.  
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An interactive quantum zero-knowledge 

protocol [1] is proposed and demonstrated 

in modified Quantum Key Distribution 

devices [2][3] executing two fundamental 

cases between a verifier and a prover who 

pre-share a secret. In the first case, all 

players are honest, while in the second 

case, one of the users is a malicious player. 

The acceptance or rejection of the proof is 

determined by the Quantum Bit Error Rate 

(QBER) where an increase around 25% is 

demonstrated in the second case over the 

case of honesty. Additional proofs have also 

been carried out for distances up to 60 km 

between verifier and prover. The security 

and robustness of the protocol has been 

analysed, demonstrating its completeness, 

soundness and zero-knowledge properties. 
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Figure 1: Quantum Zero Knowledge Protocol 

 

 
 

 
 

Figure 2: QBER Comparison between honest 

and dishonest cases 

 

 

 
 

Figure 3: QBER versus link losses in the honest 

case 
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Simulating the dynamics of large quantum 
systems is a formidable yet vital pursuit for 
obtaining a deeper understanding of 
quantum mechanical phenomena. While 
quantum computers hold great promise for 
speeding up such simulations, their practical 
application remains hindered by limited 
scale and pervasive noise. In this work, we 
propose an approach that addresses these 
challenges by employing circuit knitting [2-3] 
to partition a large quantum system into 
smaller subsystems that can each be 
simulated on a separate device. The 
evolution of the system is governed by the 
projected variational quantum dynamics 
(PVQD) [2] algorithm, supplemented with 
constraints on the parameters of the 
variational quantum circuit, ensuring that 
the sampling overhead imposed by the 
circuit knitting scheme remains controllable. 
We test our method on quantum spin 
systems with multiple weakly entangled 
blocks each consisting of strongly correlated 
spins, where we are able to accurately 
simulate the dynamics while keeping the 
sampling overhead manageable. Further, 
we show that the same method can be 
used to reduce the circuit depth by cutting 
long-ranged gates. 
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Figures 
 

 
 

Figure 1: Solving the PVQD optimization 
problem with a constrained sampling overhead. 
The fidelity in the PVQD-loss is maximized using 
gradient descent. Once the sampling overhead 
imposed by the parameters exceeds the 
threshold, the corresponding parameters are 
projected back to satisfy the constraint. 
 
 
 

 
 

Figure 2: Simulating the dynamics of a TFIM spin 
chain consisting of 3 blocks with 2 spins each. 
On the top panel, we show the fidelity of our 
time evolved ansatz with respect to the exact 
solution. The lower panel shows the sampling 
overhead required to measure the full circuit on 
multiple quantum devices using the circuit 
knitting scheme. We compare a block product 
approximation (BPA) with the circuit knitting 
ansatz (CKA) with different thresholds for the 
sampling overhead. 
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High-dimensional quantum information 

processing has emerged as a promising 

avenue to transcend hardware limitations 

and advance the frontiers of quantum 

technologies. Harnessing the untapped 

potential of qudits necessitates the 

development of quantum protocols beyond 

the established qubit methodologies. Here, 

we present a robust, hardware-efficient, 

and scalable approach for operating 

multidimensional solid-state systems using 

Raman-assisted two-photon interactions. We 

then utilize them to construct extensible 

multi-qubit operations, realize highly 

entangled multidimensional states including 

atomic squeezed states and Schrödinger 

cat states, and implement programmable 

entanglement distribution along a qudit 

array. Our work illuminates the quantum 

electrodynamics of strongly driven multi-

qudit systems and provides the experimental 

foundation for the future development of 

high-dimensional quantum applications 

such as quantum sensing and fault-tolerant 

quantum computing. 
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Figure 1: Overview of the experiment. Each 

qudit in the array is fully programmable, with 

single shot qudit state readout. Neighbouring 

qudits are entangled via a two-photon Raman 

process. 

 

 
 

 

 

Figure 2: Experimental tomography results of 

high-dimensional qudit states generated by 

two-photon Raman entanglement. 
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Semiconductor single photon sources are 

fundamental building blocks for quantum 

information applications. The current 

limitations of such quantum dot sources are 

the emitting wavelength and insufficient 

collection efficiency in fiber-based 

implementations. For low optical 

attenuation in quantum network 

applications, it is favourable to get single 

photons at telecom wavelengths. Here, we 

present a comprehensive study of 

semiconductor quantum dots (QDs), 

emitting in the telecom O-band [1], 

integrated in an open fiber-cavity [2]. We 

utilize the full tunability in all spatial 

dimension to investigate the lifetime 

shortening of spatially and spectrally varying 

samples. The outstanding emitter 

performances of semiconductor QDs, in 

terms of brightness, indistinguishability and 

single-photon purity, have been shown on 

the open cavity platform for near infrared 

wavelengths [3]. However, our cavity’s 

inherent fiber coupling holds promise for 

enhancing these properties further and 

allowing an application-oriented use case 

as fiber-pigtailed single photon source [4]. 

For a full description of our platform, we did 

a thorough theoretical description 

comprising different cavity-emitter regimes 

and the influence of vibrational noise. We 

show that the current limitations of our 

platform are (in descending order of 

importance) the natural linewidth of the 

emitter, the surface roughness and surface 

defects of the advanced MOVPE growth of 

the QDs and the vibrational noise of the 

system. 
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Figures 

 

 
 

Figure 1: Image of the setup. The fiber (top) is 

held above the semiconductor sample and 

mirrored in the surface (bottom). The 

semiconductor and fiber tip form the cavity. 

 
Figure 2: Time-resolved single-photon counting 

and lifetime shortening inside the fiber-based 

microcavity. The decay time is shortened by a 

factor of 2.45. 
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Superconducting Nanowire Single-Photon 

Detectors (SNSPDs) are a leading 

technology for the detection of faint light. 

They combine high system detection 

efficiency and high maximum count rates, 

while maintaining low dark counts and low 

timing jitter. Thin MoSi superconducting films 

are of very strong interest for single-photon 

sensing in the near to mid-infrared regime 

[1, 2, 3] due to their amorphous character 

that allows reproducible lithography. 

In this contribution, we show our recent 

progress on the deposition of MoSi thin films 

on Si/SiO2 substrates, determine their 

microscopic properties optimize them for 

SNSPDs operating in the IR regime. By 

systematically varying the deposition 

parameters we vary the stoichiometry and 

map the superconducting metrics, aiming 

at high critical temperatures (Tc). The 

stoichiometry and crystalline phase of the 

thin films was shown to be controllable via 

the deposition conditions. Grazing 

incidence X-ray diffraction measurements 

show the presence of a polycrystalline 

phase above a critical concentration of 

80% molybdenum. Fully optimized films 

exhibited a maximum Tc=8.4K for 20nm 

thick Mo0.71Si0.29 and Tc=6.2K for 4.5nm films, 

respectively.  

Finally, we defined SNSPDs to link the 

detector performance to the obtained 

superconducting metrics. Figure 1 shows 

normalized detector count rates for 

different operating temperatures, where 

the switching current of the detector 

increases with lower temperature. This 

facilitates higher bias currents leading to a 

saturating count rate (indicating unitary 

internal quantum efficiency) and low dark 

count rate. Figure 2 shows the wavelength 

dependent sensitivity with the expected 

shift of the count rate curve towards higher 

bias levels for longer wavelengths. Our 

results provide design rules for optimizing 

the performance of MoSi SNSPDs. 
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Figures 

 
Figure 1: Normalized count rates at different 

operating temperatures of the SNSPD 

 

 
Figure 2: Normalized count rates for different 

excitation wavelengths at 0.5 K 
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Entanglement is a key resource to scale up 

photonic quantum technologies pertaining 

to quantum computing or quantum 

communications [1].  

We present a resource-efficient way to 

generate large states of entangled 

photons, known as photonic linear cluster 

(LC) states. We use a bright single photon 

source, here an InGaAs quantum dot 

embedded within a micropillar cavity [2], 

and a fibered entangler (See Fig. 1a) [3], 

composed of a polarizing beamsplitter and 

a fibre delay loop.  

To increase the number of photons in the LC 

state, we develop a practical optimization 

of the experimental setup, based on residual 

visibility measurements. By changing the 

phase in the delay loop, we extract a 

visibility measurement that is directly related 

to the quality of the generated state. We 

usually post-select on measuring the same 

number of input and output photons. The 

residual visibility method consists in looking 

at the visibility measurements of 2 to n-1 

photons entangled together, in a n-photon 

experiment – measurement that require 

much smaller acquisition time. Optimizing 

the residual visibilities attests the high level of 

alignment of the experiment and allows to 

extract information on the system comprised 

of the source and the loop. Using this 

method, we demonstrate entanglement of 

up to 6 photons in a linear cluster state. 

 

Figure 1: a) Principle of our resource efficient 

linear cluster state generation protocol [3]  

b) Principle of residual visibility measurement – 

We look at patterns in the temporal modes, 

removing 1 or more photons leads to a global 

addition of interfering and non-interfering 

events to the measurement –  

c) 6-photon entanglement measurement - A 

visibility higher than 0.3 ensures genuine 6-

photon entanglement - Experimental value of 

0.5±0.1 in agreement with the theoretical model 

considering 86% Hong-Ou-Mandel  

d) Residual visibility measurement of 2, 3, 4 

photons out of the 6-photon experiment. 
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The quantum Zeno effect refers to the 

freezing of the time evolution of a quantum 

system subjected to repeated 

measurements. In this talk we try to answer 

the question, as to whether the Zeno effect 

can stop stochastic decay events like a 

photon jump from a cavity. There is a time 

scale governing the rate at which the 

photon in the cavity gets entangled with 

the environment. Performing a projective 

and quantum non-demolition photon 

number measurement on the cavity faster 

than this time scale prevents the system 

from entangling with the environment, 

thereby freezing photon jumps. To 

demonstrate this, we use a 3D microwave 

resonator as the cavity and an auxiliary 

resonator as a toy environment. The 

auxiliary resonator is coupled to a 

transmon, which is continuously measured 

to detect photon jumps (see figure 1). 

Conditioning the evolution under “no 

jumps” serves to experimentally show the 

time scale of system-environment 

entanglement. Our experiments show that 

measuring the photon number at a rate 

faster than the system-environment 

entanglement rate freezes the decay 

(figure 2).  

 

 

 

 

 

 

Figures 

 

 
 

Figure 1: Schematic of the experimental setup 

 

 

 
 

Figure 2: Decay rate of mode ‘a’ as a function 

of detuning from environment for different Zeno 

measurement rates.  
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The Gottesman-Kitaev-Preskill (GKP) code 

may be used to overcome noise in 

continuous variable quantum systems [1]. 

However, preparing GKP states remains 

experimentally challenging [2-5]. We 

propose a method for preparing GKP states 

by engineering a time-periodic Hamiltonian 

whose Floquet states are GKP states. This 

Hamiltonian may be realized in a 

superconducting circuit comprising a SQUID 

shunted by a superinductor and a capacitor 

(see Fig. 1), with a characteristic impedance 

twice the resistance quantum. The GKP 

Floquet states can be prepared by 

adiabatically tuning the frequency of the 

external magnetic flux drive (see Fig. 2). We 

predict that highly squeezed >11.9 dB (10.8 

dB) GKP magic states can be prepared on 

a microsecond timescale, given a quality 

factor of 106 (105) and flux noise at typical 

rates. This work fits into the conference topic 

of ‘Quantum Computing and Technologies’ 

and applies techniques from Quantum 

Matter such as Floquet engineering. A 

preprint of this work is available at 

arXiv:2303.03541 and has been accepted to 

be published in Phys. Rev. Lett.  
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Figure 1: Superconducting circuit diagram for 

GKP state preparation 

 

 
 

 

 
Figure 2: Adiabatic frequency ramp for external 

magnetic flux drive (denoted by φe in Fig. 1) to 

prepare GKP states  
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Parity-protected superconducting qubits, in 

which the quantum information is encoded 

in wave-functions with disjoint support, have 

recently emerged as promising candidates 

to enhance the lifetime of quantum states 

[1, 2, 3]. This innovative approach leverages 

cos(2φ) Josephson elements dominated by 

charge-4e supercurrent – the coherent 

transfer of pairs of Cooper pairs. In this work, 

we investigate highly transparent S-Sm-S 

Josephson field effect transistor (JoFET) 

fabricated from SiGe/Ge heterostructures. 

First, using a SQUID with a wide and a 

narrow JoFET, we show that the current 

phase relation is composed of multiple and 

gate tunable harmonics corresponding to 

charge-2ne (with n an integer) supercurrent. 

Their contribution is confirmed by DC 

measurements under radio-frequency 

irradiation that exhibit integer and half-

integer Shapiro steps. Second, by harnessing 

the superconducting diode effect in a 

SQUID with two similar JoFETs, we identify the 

regime of perfect critical current symmetry 

(Fig.1)[4]. In this configuration, Shapiro steps 

measurements at half flux quantum reveal a 

pronounced reduction in the first harmonic 

thereby realizing a cos(2φ) Josephson 

element (Fig.2). These results pave the way 

for the realization of Ge-based parity-

protected qubits using CMOS compatible 

processes. 
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Figure 1: SQUID diode efficiency tuned by 

magnetic flux and the gate controlled 

asymmetry between the two JoFETs.  

 
 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 2: Integer and half-integer Shapiro steps 

signatures in a symmetric SQUID, biased in close 

proximity to half of the flux quantum. At Φ0/2, 

the charge-4e supercurrent dominates, giving 

rise to half-integer steps. 
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Charge-to-spin conversion lies at the heart 
of next-generation spintronic devices, 

where spin-orbit coupling (SOC) efficiently 
generates a current-driven spin polarization 

to control a magnetic state. Van der Waals 
materials present a unique platform for the 
development of such devices as their 

electron, spin and optical properties can be 
enriched by proximity effects [1]. In this 

context, graphene emerges as a promising 
spintronic platform, as SOC is activated by 

proximity with a transition metal 
dichalcogenide (TMD) [2]. This allows to 
generate a current-driven spin polarisation 

via the Spin Hall and Rashba-Edelstein 
effects in a graphene/TMD bilayer, as well as 

long distance spin transport in an isolated 
graphene layer [3]. Understanding the role 
of intraparticle entanglement between spin 

and sublattice degrees of freedom remains 
a challenge in this topic. These effects have 

been proposed to be detrimental for spin 
diffusion [4] and spin-momentum locking [5]. 

Here, we understand intraparticle 
entanglement as a limiting factor for 
charge-to-spin conversion in graphene, 

which we minimize by adequately tuning 
SOC. By these means, we achieve charge-

to-spin conversion with maximal efficiency 
throughout a wide spectral range. We 

additionally show that intraparticle 
entanglement enables novel charge-to-spin 
conversion mechanisms in spin-orbit torque 

devices [6]. 
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Figure 1. Charge-to-spin conversion with 

maximal efficiency is obtained across the entire 

Rashba pseudogap, highlited in yellow, where 

only a single spin-helical band with no 
intraparticle entanglement crosses the Fermi 

level 
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Quantum point contacts (QPC), short one-
dimensional conductors that can be 
electrostatically defined or etched in two-
dimensional materials, are the center of 
attention for their prospective applications 
in spin, valley and charge nanodevices. 
Although fabrication by etching generally 
produces defects and roughness which 
hinder the properties of the pristine materia, 
recent cryoetching techniques overcome 
these problems and have demonstrated 
the fabrication of low-defect graphene 
QPCs via etching processes, in which 
quantization of electron transport was 
experimentally observed. This is especially 
important for the study of twisted bilayer 
graphene QPCs, where the interplay of 
moiré and edge localization should be 
studied in systems with well-defined edges.  
In this work we provide a theoretical 
background to those systems. We study the 
electronic transport properties of a twisted 
bilayer graphene QPC consisting of a 
bilayer flake contacted by two monolayer 
graphene nanoribbons which act as leads. 
Numerical simulations are carried out with 
the help of the package Kwant for 
quantum transport, using a tight-binding 
model. The conductance and the spatial 
distribution of electronic states in the QPC 
are computed. Conductance quantization 
presents a strong dependence with the 
rotation angle between layers and the 
electron-hole symmetry is broken in pristine 
samples.  
Despite the progress on fabrication 
techniques, some defects or impurities 
might be present in experimental devices, 
so furthermore we study the effect on the 
conduction caused by adding vacancy 
defects to the system. Remarkably, the 

electron-hole symmetry is partially 
recovered due to the effect of vacancies. 
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Figure 1: Sketch of the device 
 

 
 

Figure 2: Conductance, Participation Ratio and 
Local Density of States of the system. 
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To control and measure the state of a 

quantum system it must necessarily be 

coupled to external degrees of freedom. 

This inevitably leads to spontaneous 

emission via the Purcell effect, photon-

induced dephasing from measurement 

back-action, and errors caused by 

unwanted interactions with nearby 

quantum systems. To tackle this 

fundamental challenge, we make use of 

the design flexibility of superconducting 

quantum circuits to form a multi-mode 

element -- an artificial molecule -- with 

symmetry-protected modes. The proposed 

circuit consists of three superconducting 

islands coupled to a central island via 

Josephson junctions. It exhibits two essential 

non-linear modes, one of which is flux-

insensitive and used as the protected qubit 

mode. The second mode is flux-tunable 

and serves via a cross-Kerr type coupling as 

a mediator to control the dispersive 

coupling of the qubit mode to the readout 

resonator. We demonstrate the Purcell 

protection of the qubit mode by measuring 

relaxation times that are independent of 

the mediated dispersive coupling. We show 

that the coherence of the qubit is not 

limited by photon-induced dephasing 

when detuning the mediator mode from 

the readout resonator and thereby 

reducing the dispersive coupling. The 

resulting highly protected qubit with 

tunable interactions may serve as a basic 

building block of a scalable quantum 

processor architecture, in which qubit 

decoherence is strongly suppressed [1].
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Figures 

Figure 1: Oscillating charge distributions of the 

circuit modes indicated by positive (’+’) and 

negative (’-’) charge, ’±’ indicates charge 

neutrality. (b) False-color microscope image of 

the qubit sample. 

Figure 2: (a)T2 of the qubit mode vs. noise 

photon-number at operation points of maximal 

and suppressed dispersive coupling.

(b) T1 of qubit and mediator mode vs.

resonator-mediator detuning.
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Minimal Kitaev chains composed of two 

semiconducting quantum dots coupled via 

a superconductor have emerged as a 

promising platform to realize and study 

Majorana bound states (MBSs), which 

appear for fine-tuned configurations [1, 2]. 

We propose a hybrid qubit based on a 

Josephson junction between two such 

double quantum dots (DQDs) embedded 

in a superconducting qubit geometry (Fig. 

1). The qubit makes use of the 4π-

Josephson effect in the Kitaev junction to 

create a subspace based on the even/odd 

fermionic parities of the two DQD arrays 

hosting MBSs. Deep in the transmon regime, 

we demonstrate [3] that by performing 

circuit QED spectroscopy, one could 

observe distinct MBS features in perfect 

agreement with precise analytical 

predictions in terms of DQD parameters 

only (Fig. 2). This also allows us to extract the 

Majorana polarization in the junction. 
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Figures 

 

 
 

Figure 1: Schematic illustration of the Kitaev-

transmon device. 

 

 
 

 
 

Figure 2: Kitaev-transmon qubit spectroscopy. 
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This work focuses on achieving fast, high-fidelity 

single-qubit gates. To this end, we introduce two 

complementary protocols and experimentally 

demonstrate them with a fluxonium qubit. The 

first protocol utilizes simultaneous charge and flux 

drives with a relative phase, enabling arbitrarily 

polarized qubit drive fields. We demonstrate 

drive polarization tunability and use a circularly-

polarized drive field to avoid counter-rotating 

effects often neglected in the rotating-wave 

approximation for Rabi-based gates. The second 

protocol involves commensurate pulses, where 

pulse durations match the qubit Larmor 

precession, reducing coherent errors from non-

uniform waveform shapes. Implementing both 

protocols, we demonstrate state-of-the-art 

single-qubit gates with fidelities exceeding 

0.99997 measured with Clifford randomized 

benchmarking. Our results offer straightforward 

methods for increasing gate performance, and 

are broadly applicable to the fast control of 

quantum systems in the rotating frame. 
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Figures 

 

 
 

Figure 1: (a) Fluxonium qubit. (b) Bloch sphere 

picture of the qubit Larmor precession and a 

linear drive, and co/counter-rotating drives. (c) 

Circuit schematic showing simultaneous charge 

and flux drives applied with a relative phase, 

enabling the generation of arbitrarily-polarized 

drive fields. 

 

 
 

Figure 2: Clifford randomized benchmarking of 

single-qubit gates utilizing only a flux drive, for 

gate durations that are commensurate (1 and 

1.5 Larmor periods) and incommensurate (1.2 

and 1.7 Larmor periods). 
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Magnetic molecules are attractive 

candidates to encode spin qubits [1,2]. We 

have performed the first experiments to test 

the dispersive readout of qubits encoded in 

the spin states of magnetic molecules by 

means of a superconducting circuit [3]. The 

molecules are coupled to lumped-element 

resonators (LERs) fabricated at the Centro 

of Astrobiología (CAB) [4]. Sweeping the 

external magnetic field magnetic changes 

the detuning Δ = ωq – ωr between the 

frequency of operation of the qubit, ωq, 

and the resonator frequency, ωr. If the 

detuning is larger than the qubit-resonator 

coupling, we can perform a non-demolition 

measurement of the state of the qubit by 

monitoring the change δωr in the 

resonator’s frequency. 

 

As a starting point, we chose the simplest 

system possible: PTMr, a free radical (Fig. 1, 

inset) with spin 1/2 [5] and the qubit states 

encoded in its two spin projections. The 

absorption spectrum of the radical can be 

obtained, at a given field, by sweeping the 

frequency of a driving electromagnetic 

pulse, ωpump, and then measuring the shift of 

the LER resonance (Fig. 1). The spectrum 

width comes from the inhomogeneous 

broadening of the sample. By increasing 

the time delay between the pump pulse 

and the readout measurement, we have 

determined the longitudinal relaxation time 

T1, which becomes as long as 10-20 s at 

very low temperatures. The shape of the 

decay agrees with the distribution of spin-

photon couplings generated by a small 

nano-constriction in the inductor, which 

locally enhances the coupling. Finally, the 

first signs of a coherent manipulation of the 

spin ensemble have been detected using 

this measurement procedure in a specific 

superconducting chip designed for that 

purpose. 
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Figures 

 

 
Figure 1: PTMr  spectrum for positive and 

negative detuning Δ, measured through the 

shift δωr of the resonator’s frequency. Inset: The 

PTMr molecule.  
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Group IV spin qubits are promising 

candidates for realizing quantum processors 

due to their scalability, CMOS compatibility, 

and long coherence times. In particular, Ge 

has become a very attractive platform 

because of the low effective mass and low 

hyperfine interaction. In addition, strong 

spin-orbit interaction allows the spin to be 

driven electrically. From 2018 and within a 

few years, a Loss-DiVincenzo [1], a singlet-

triplet hole spin qubit [2], a two-qubit [3], 

and a four-qubit Ge quantum processor [4] 

have been realized, demonstrating the 

potential of Ge for quantum information.  

 

Manipulation of spin qubits can be 

achieved via multiple driving mechanisms:   

Electron Spin Resonance [5], Electron Dipole 

Spin Resonance [6], g-tensor modulation [7], 

or exchange interaction [8].  Owing to the 

low effective mass of holes in Ge, exchange 

interaction can have a much stronger 

effect compared to Silicon [9], thereby 

warranting the study of its effects.  

 

Here, we show a spin qubit in a double 

quantum dot hosted in Ge/SiGe 

heterostructure operated in a regime 

where the exchange interaction dominates 

over the Zeeman energy difference. We 

measure three microwave-driven transitions 

of two-hole spin states that can be 

coherently manipulated. To investigate the 

impact of exchange on the driving 

mechanism, we study the Rabi frequency 

dependence as a function of magnetic 

field, B, and detuning, . 
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Figures 

 
Figure 1: Computer-aided design of the gate 

layout of the device under study. 

 
Figure 2: Spectroscopy of the three spin 

transitions as a function of magnetic field and 

detuning. 
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A central spin qubit interacting coherently 
with a large register of nuclear spins can be 
used for the realization of a quantum 
memory [1,2] or for the realization of 
coherent collective phenomena [3]. Here 
we demonstrate tuning of the coherent 
interaction between an electron spin qubit 
and a register of nuclear spins in a GaAs 
quantum dot (QD). The low inhomogenous 
broadening of the nuclear spin satellite 
transitions in the GaAs system, paired with 
an all-optical nuclear cooling algorithm, 
allows us to per form high-resolution 
spectroscopy of the nuclear ensemble, 
enabling measurement of the electronic 
Knight field and time-dependent revivals of 
e lect ron ic coherence, wh ich fu l l y 
characte r i ze the e lect ron-nuc lear 
interaction. By precisely selecting the 
nuclear mean-field polarization via a 
polarization locking pulse sequence, we 
vary the strength of the electron-nuclear 
exchange interaction in situ, a result 
enabled by the e lect ron g- factor 
anisotropy mediated nature of the 
interaction. We then demonstrate tuning of 
the coherent interaction explicitly via the 
activation rate of a single collective 
nuclear excitation and the coherence time 
of the electron spin qubit. This technique 
enables the programmatic tuning of the 
Hamiltonian of a central-spin system in the 
many-body regime.  
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Figures 

Figure 1: (a) Left: the optically addressed 
electron spin is in contact with a bath of ~105 As 
and Ga nuclear spins, forming a central spin 
system. An electron g-factor anisotropy leads to 
a different quantization axis for the electron 
and for the nuclei, leading to a non-collinear 
interaction. Right: As the nuclei are polarized, 
increasing the mean-field Overhauser shift, the 
electron and nuclear quantization axes tilt 
together, decreasing the non-collinear 
interaction. (b) The electron spin resonance 
spectrum. The blue line is the spectrum 
measured at the unpolarized electron Zeeman 
frequency of 3GHz, while the maroon line is 
measured for a polarized nuclear ensemble at 
6GHz. (c) The spin down population of the 
negative 75As sideband as a function of Rabi 
drive time for several electron splittings.
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A phase of matter in which fermion quartets 

form a superconducting condensate, rather 

than the paradigmatic Cooper pairs, is a 

recurrent subject of experimental and 

theoretical studies. However, a 

comprehensive microscopic understanding 

of charge-4e superconductivity as a 

quantum phase is lacking. Here, we study a 

two-orbital tight-binding model with 

attractive Hubbard-type interactions. Such 

a model naturally provides the Bose-Einstein 

condensate as a limit for electron quartets 

and supports charge-4e superconductivity, 

as we show by mapping it to a spin-1/2 

chain in this perturbative limit. Using infinite 

density matrix renormalization group 

calculations for the one-dimensional case, 

we further establish that the ground state is 

indeed a superfluid phase of 4e charge 

carriers and that this phase can be stabilized 

well beyond the perturbative regime. 

Importantly, we demonstrate that 4e 

condensation dominates over 2e 

condensation even for nearly decoupled 

orbitals, which is a more likely scenario in 

electronic materials. Our model paves the 

way for both experimental and theoretical 

exploration of 4e superconductivity and 

provides a natural starting point for future 

studies beyond one dimension or more 

intricate 4e states. 

 

 

 

 

 

 

 

 

 

Figures 

 

 
 

Figure 1: Phase diagram for the one-

dimensional model that displays charge-4e 

superconductivity. In two of the regions the 

ground state is either the fully empty or fully 

occupied state, the central region has a 

charge density wave (CDW), and the 

intermediate regions realise a charge-4e 

superconducting phase. 
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Graphene has shown great potential as an 

elementary building block of future 

spintronic devices. Its high carrier mobility 

and intrinsically low spin-orbit coupling 

(SOC) lead to long spin diffusion length, 

making graphene an ideal spin-channel 

material. Moreover, its atomic thickness 

promotes proximity-induced effects that 

provide new ways to control spin transport 

[1]. For instance, graphene in contact with 

semiconducting transition metal 

dichalcogenides (e. g. WSe2) develops a 

proximity SOC and a complex spin texture. 

Such a modification results in anisotropic 

spin relaxation [2] and allows to efficiently 

interconvert charge and spin-currents 

[1,3,4]. Alternatively, interfacing graphene 

with magnetic materials induces exchange 

splitting [5], possibly allowing gate-tuneable 

spin-polarized currents. Doping TMDCs with 

magnetic atoms has been reported to 

induce long-range magnetism up to room 

temperature. In particular, VxW1-xSe2 shows 

(anti-)ferromagnetic behaviour depending 

on the doping level [6]. By performing 

nonlocal spin precession measurements, we 

observe signatures of magnetism together 

with proximity-induced SOC in 

graphene/VxW1-xSe2 heterostructure and 

investigate the interplay of these two 

effects. 
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Figures 

 

 
 

Figure 1: Schematics of the measurement 

configuration of lateral spin-valve made of 

VxW1-xSe2 partially covering graphene channel, 

and two ferromagnetic electrodes used as spin 

injector (FM1) and detector (FM2), respectively 

(Top). Representative spin-precession curves 

obtained by measuring nonlocal resistance as a 

function of magnetic field applied along 

graphene channel (Bottom). Arrows indicate 

magnetization of the ferromagnetic electrodes. 
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Current experimental quantum devices do
not meet the requirements for building
fault-tolerant quantum computers, but they
still can be used to address many-body
problems as analogue quantum simulators.
Different physical platforms, like
superconducting circuits [1], trapped ions
[2], and cold atoms [3,4], have different
interactions between their components.
However, the systems simulated are
constrained by the type of interactions that
can be engineered in the platform, limiting
the range of models that can be simulated.

Variational methods have been suggested
as a way to go beyond this limitation [5].
Among the different proposals, Variational
Quantum Time Evolution algorithms
(VarQTE) can perform either real or
imaginary time evolution within the same
framework [6]. In this work, we propose to
use this variational approach to fully
harness the interactions present in
analogue quantum simulators.

In the first part of the talk, we demonstrate
how the long-range interactions present in
certain analog quantum simulators can be
used to solve some of the limitations of

VarQTE algorithms [5]. Then, in the second
part, we focus on fermionic quantum
simulators and show how VarQTE algorithms
can be used to prepare ground states of
exotic fermionic models in more efficient
ways than standard methods (either
because the target interactions cannot be
efficiently generated or because adiabatic
methods fails while variational ones do not).
These results provide analog quantum
simulators with a new set of tools that fully
leverage their current capabilities.
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Figures

Figure 1: (a) Schematic depiction of atoms
coupled to a waveguide, an analog quantum
simulator with long-range interactions. (b,c)
Quantum-classical algorithm using this
interaction.
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Abstract 

 

The observation of quantum phenomena 

often necessitates sufficiently pure states, a 

requirement that can be challenging to 

achieve. In this study, we prepare a non-

classical state originating from a mixed 

state, utilising dynamics that preserve the 

initial purity of the state (i.e. without 

removing entropy or purifying the system 

with measurement). We generate a 

Schrödinger cat state within a circuit 

quantum electrodynamics setup [1],  in 

which a transmon is coupled to a high 

coherence microwave cavity. We initialise 

the cavity with a thermal state of up to 

nth=7.6(2) average photons or mode 

temperature of up to 1.8 Kelvin, which is sixty 

times hotter than its physical environment. 

Hot Schrödinger's cat states are 

deterministically prepared with two 

protocols [2,3] (Figures 1 and 2). Our 

realisation of non-pure but quantum 

coherent superposition states could guide 

the preparation of similar states in other 

continuous-variable quantum systems. 

Wigner function measurements 

confirm the quantum coherent nature of 

the prepared states through the observa- 

tion of interference fringes and Wigner 

negativities. 
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Figures 

 

 
 

Figure 1:  Starting from an initial thermal state 

with nth = 3.48(7), the result of the Wigner 

function measurement on the hot Schrödinger 

cat states prepared with the qcmap protocol 

[2] are shown together with the numerically 

obtained marginal distributions. For comparison, 

we plot the corresponding theoretical Wigner 

functions.  

 

 
 

Figure 2: :  Starting from an initial thermal state 

with nth = 3.48(7), the result of the Wigner 

function measurement on the hot Schrödinger 

cat states prepared with the echo conditional 

displacement protocol [3] are shown together 

with the numerically obtained marginal 

distributions. For comparison, we plot the 

corresponding theoretical Wigner functions 
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Abstract  

 

Realizing a universal quantum computer is a 

complex task. Among the multiple 

challenges to be solved, extending the 

coherence times of qubits implemented in 

solid state nanodevices is of the utmost 

importance. Implementing qubits made of 

electrons trapped at the surface of 

superfluid helium with vacuum offers the 

opportunity to realize qubits in a noiseless 

environment, extending the qubit lifetime 

[1]. Furthermore, these qubits are 

compatible with standard circuit quantum 

electrodynamic (CQED) techniques for 

manipulation and readout [2].  

 

  

In this talk we introduce our newest 

commercial packaging, used to perform 

experiments in completely sealed 

environments at cryogenic temperatures. 

The technology is based on our recently 

developed QCage chip carrier [3], which 

has been optimized for CQED experiments 

[4,5]. We demonstrate the superfluid helium 

tightness of this packaging by investigating 

how the resonance frequency of 

superconducting coplanar waveguide 

resonators is evolving as the chip cavity is 

filled with superfluid helium at cryogenic 

temperatures. 
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Harnessing the frequency degree of 

freedom of photons offers interesting 

perspectives for quantum information 

processing (QIP), allowing dense coding in a 

single spatial mode, hyperentanglement, 

multiplexing, parallelization and large 

distance traveling without stabilization or 

drift compensation. State-of-the-art 

integrated schemes to generate 

frequency-entangled states for frequency 

QIP through spontaneous four-wave-mixing 

(FWM) are limited by trade-offs in size, 

number of frequency modes and spectral 

separation. We have developed a bright 

and low footprint (<0.05 mm2) photon pair 

sources emitting at telecom wavelength 

and generate efficiently frequency-

entangled photon pairs from a Silicon On 

Insulator (SOI) micro-resonator with a free 

spectral range (FSR) 21 GHz (Fig 1a-b), 

harnessing 83 signal-idler pairs (Sn-In) over a 

>1.5 THz bandwidth (Fig 1d) to encode 

qubits or even qudits (cf. Fig 1b).  

The low 21 GHz FSR is designed for optimal 

use of off-the-shelf fibered electro-optic 

phase modulators (EOM) and 

programmable filters (PF) in an EOM-PF-EOM 

configuration [1] to manipulate in parallel 

several frequency-entangled qubits. We 

thus perform quantum state tomography 

(Fig 1c) applying two parallel quantum 

gates to two qubits encoded in adjacent 

modes. We demonstrate such quantum 

state tomography independently on 17 

frequency entangled qubits (coloured 

modes in Fig 1d) achieving fidelities above 

85%. We report [2] for the first time the use of 

frequency entangled pairs, frequency 

demultiplexing and parallelized frequency 

quantum gates on those states to create in 

the frequency domain a 5-user-fully-

connected network without trusted node 

(Fig 2).  
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Figures 

 
Figure 1: a.  FWM photon pair generation in a 21 

GHz SOI resonator [shape optimized using Bezier 

curves to minimize losses, modal phase 

matching condition setting the silicon 

waveguide width to achieve abnormal 

dispersion] pumped by ωp ~1540 nm cw laser 

tuned in resonance (b.) c. Real and Imaginary 

part of the reconstructed density matrix of a 4-

frequency-entangled state (fidelity of 0.96% to a 

maximally entangled state). The generated 

frequency entangled state|> can be used to 

encode qubits or qudits for QIP across 166 

frequencies (d.) 

 
Figure 2: Raw key rate and QBER (qubit error 

rate) for a frequency fully connected network 

without trusted node. Reliable (QBER>11%) pairs 

are exchanged in a frequency fully-connected 

network following the colour code of Figure 1d. 
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Superconducting qubits hold great potential 

as building blocks for reliable quantum 

computers. However, their operating 

frequency in the microwave range poses 

challenges for scalability. Converting a 

microwave signal into an optical signal 

allows us to address some of these 

challenges. The connections between 

different quantum processors become less 

noisy over an optical link and the cabling for 

a single quantum processor requires less 

space and dissipates less heat when the 

coaxial lines are replaced by multiplexed 

optical fibres.  

We present here a piezo-optomechanical 

transducer that couples a silicon photonic 

crystal cavity through a lithium niobate 

block to a tuneable superconducting 

microwave resonator. We use a mechanical 

intermediary, which is predominantly in the 

ground state. We achieve an input referred 

added noise of 6 photons by using an 

optical pulse power of 5 fJ [1]. Additionally, 

we show that we can use it to read out a 

superconducting qubit using a demolition 

multi-shot readout technique [2]. This 

scalable design paves the way not only for 

scaling up a single quantum processor but 

also for distributed quantum computing. 
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Figure 1: a. Bosonic modes that make up the 

optomechanical transducer: 

electromechanical mode (magenta) couples 

with gem to mechanical mode (yellow) that 

couples with gom to optical mode (cyan). They 

each have a frequency of ω/2π and a loss rate 

of κ/2π. b.-e. scanning electron microscope 

images of the transducer. [1] 
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The impact of quantum computing on 

classical cybersecurity has been discussed 

extensively over the past 30 years, leading 

to the development of post-quantum 

cryptography. At the same time, relatively 

little attention has been paid to the security 

of quantum computers themselves. 

The little research that studied vulnerabilities 

of quantum computers until now has 

focused on a scenario where circuits 

belonging to different users are executed on 

the same quantum chip at the same time. 

[1][2] This mode of operation is not yet in 

possible. 

We focused on vulnerabilities of 

superconducting QPUs that are available 

today. 

We conducted two experiments on the 

ibm_osaka quantum chip where we 

leveraged the imperfections of the reset 

operation, and we show that: (1) an 

attacker can infer the final state of the 

circuit that ran before him, stealing the 

results of the computation. (2) an attacker 

can leave qubits in a higher excited state so 

that the circuit that runs after him will start in 

a state that is not the ground state, 

compromising the results. 
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Figure 1: Attacker measuring '1' when victim 

measured '0' vs '1'. 

 

 
 

 
 

Figure 2: Probability of victim qubits starting in 

state |1⟩ when the attacker has prepared the 

qubits in state |0⟩, |1⟩, or the second excited 

state (|2⟩). 
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Abstract 

 

This abstract presents an innovative 

quantum circuit modelling approach, able 

to open large-scale simulations on 

commercial computers, and it shows as 

example an application for Quantum 

Machine Learning problems.  

The simulation of a quantum circuit on 

classical computers is a challenging task 

due to the very peculiar physical properties 

occurring in quantum systems. The complex 

coefficient linear model typically used in 

simulation ([1]) is conceptually simple, but it 

grows exponentially with the size of a qubit 

register (qureg), and, consequently, it limits 

the general-purpose quantum circuits size to 

30-35 qubits max on commercial computers 

([2] and [3]). 

To overcome this limitation, an innovative 

approach is proposed in this paper. The 

idea is to model a qureg through its 

elementary qubits instead of the states, and 

to effectively capture the cross-qubit 

entanglement relationships, when present. 

Based on that, a qureg state can be 

modelled as a linear combination of 

separable “pseudo” states, which are 

directly built from elementary qubit ones, 

embedding in them all the entanglement 

information. For this reason, the entities used 

in the model are called “pseudo-qubits”, 

due to their conceptual deviation from the 

“standard” single state qubit physical 

model. This pseudo-qubit model supports, 

with proper internal terms manipulation, all 

1-qubit single and 2-qubit controlled 

transformations in any layout (superset of 

universal gates), and it provides exact and 

general-purpose applicability to quantum 

circuits. 

Compared with state-based models where 

the whole state is instantiated already at 

state preparation stage, this model makes a 

progressive use of the parameter space, 

encompassed with the transformation 

applications. This key difference has huge 

impacts in the simulation capabilities, 

allowing the modelling of very large 

quantum circuits, under a certain number of 

transformations limit, opening to research 

problems not accessible until now. 

The pseudo-qubit model is in principle 

applicable to any circuit, and for its 

validation, various types of tests are 

ongoing, particularly in the area of on 

Quantum Machine Learning (QML) 

applications. Specifically, the model is being 

used for Earth Observation image 

classification problems using from 10 to 40 

qubits, implementing different algorithms, in 

order to support cross validation of the new 

approach through toy and “realistic” 

examples, and to perform comparative 

analysis and discussion of QML enhanced 

models versus the traditional one. 

the quantum advantage assessment on 

QML enhanced models vs. their “classical” 

ML counterpart. 

The results collected so far are successful 

and promising for a general validity of the 

pseudo-qubit model, and its capability of 

outperforming state-based models in the 

simulation of large quantum problems (not 

only QML related) on commercial 

computers. 
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Abstract  

 

Spin-active quantum emitters have 

emerged as a leading platform for quantum 

technologies [1]. However, one of their 

major limitations is the large spread in 

optical emission frequencies, which typically 

extends over tens of GHz.  

 

Here, we investigate single vanadium (V4+) 

centres in 4H-SiC [2], which feature telecom-

wavelength emission and a coherent S = 1/2 

spin state. We perform spectroscopy on 

single emitters and report the observation of 

spin-dependent optical transitions, a key 

requirement for spin-photon interfaces. By 

engineering the isotopic composition of the 

SiC matrix, we reduce the inhomogeneous 

spectral distribution of different emitters 

down to 100 MHz, significantly smaller than 

any other single quantum emitter. 

Additionally, we tailor the dopant 

concentration to stabilise the telecom-

wavelength V4+ charge state, thereby 

extending its lifetime by at least two orders 

of magnitude.  

 

Our results reveal the potential of single 

vanadium emitters in SiC as material nodes 

in scalable telecom quantum networks [3]. 
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Figures 

 

 
 

Figure 1: (a), (b) Sequence of PLE maps at 

different detunings of the excitation laser, 

respectively for the isotopically enriched sample 

(A) and the natural-abundance sample (B). In 

the isotopically enriched sample, the vast 

majority of emitters appear only in a narrow 

frequency range.  (c) Histograms for the central 

frequencies of 181 PL spots associated to 

vanadium centres in the natural-abundance 

(right) and 61 spots in isotopically enriched (left) 

samples. In the sample with a natural 

abundance of silicon and carbon isotopes, the 

vanadium centres are spectrally spread over 

several GHz, presenting a distribution with 

multiple peaks. In contrast, the distribution is 

much narrower in the isotopically enriched 

sample, with a standard deviation of about 100 

MHz. Figure taken from Ref. [2]. 
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Scaling up the cryogenic wiring for transmon 

qubit experiments became a vital challenge 

in building multiqubit quantum computers 

[1]. Existing conventional wiring in 

combination with general-purpose 

microwave components has a low ability for 

scaling due to the mechanical dimensions 

and thermal properties of the material.[2] 

Our work demonstrates a novel approach 

to making a quantum I/O. Fully embedded 

channels for transmon qubit Drive, Flux/Bias, 

and Pump signals are based on stripline 

transmission lines with integrated 

conditioning/filtering components.  

We optimized the performance of the 

proposed I/O to reach high signal integrity in 

combination with specific filtering to reject 

high-frequency modes and photonic noise.  

Another important aspect we studied is the 

thermal properties of a physical transmission 

line based on our stripline stack-up. 

We demonstrate the results of the 

superconducting qubit experiments (T1, T2, 

T2echo). The obtained results show that our 

flexible I/O is not a limiting factor for 

transmon coherence below a value of 40 us.   
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Figure 1: Flexible stripline structure 

 

 

 

 
 

Figure 2: Signal conditioning layout structures: 

(a) – integrated attenuator, (b) – integrated 

low-pass filter 
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To successfully scale quantum devices to 

larger numbers of qubits, the fabrication 

toolkit needs to be expanded. While 

conventional semiconductor devices use 

multi-layered metal lines with vertical 

interconnects, this technique is not yet 

adapted and employed for quantum 

devices. We have developed two 

processes for this purpose, first an etching 

and metallization process that enables 

vertical connection through Al2O3. This 

functionality enables an upgrade of current 

devices [1] to perform conveyor-mode 

single electron shuttling in Si/SiGe [2] over 

distances of 10 µm and more. 8 sets of 15 

gates each can be contacted in parallel. 

In addition, we have adapted platinum  

germanosilicide ohmic contacts [3] for 

small footprints of ~200x200 nm. In 

combination with vertical contacts, this 

enables advancing dense 2D arrays of 

Ge/SiGe quantum dots [4] by integration of 

a  single electron transistor charge sensor 

inside the array. In this talk we will describe 

the development, challenges and results of 

both processes, and show how 

characterization of the diffusion process 

allows us to ensure low-resistance contact 

to the quantum well. Finally we will discuss 

the implications for the scaling of quantum 

devices. 
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Figures 

 
 

Figure 1: SEM image of conveyor gates 

spanning 3 µm. 8 sets of Ti/Pd gates are 

contacted by vias. 

 

 
 

Figure 2: TEM image of nanoscale platinum 

germanosilicide ohmic contact. Platinum 

diffuses partly into the SiGe buffer. 
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Abstract: Photonic integrated circuits (PICs) are attractive platforms for manipulating
quantum light. Imperfections limit the fidelity of photonically integrated quantum infor-
mation protocols. We use machine learning and a clear box approach to characterize large
PICs and mitigate imperfections, achieving high-fidelity for scalable implementations. ©
2024 The Author(s)

Photonic integrated circuits (PICs), compact platforms for light manipulation, have a great potential in quantum
computing, communication, cryptography, sensing, and a wide range of classical applications. PIC imperfections
pose challenges, leading for instance to a severe degradation in performance of optical neural networks and a
marked decrease in the fidelity of quantum gates. Existing self-configuration protocols, that mitigate imperfections
without requiring detailed knowledge of the device, fall short in addressing these issues. Leveraging machine
learning, particularly neural networks in so-called black-box model-based approaches, has shown promise but
faces scalability challenges regarding the number of data samples and computational resources required to train
the model. We propose a clear-box approach, where physical intuition is embedded in an explicit model of PIC
imperfections [1]. We thus significantly enhance sample efficiency and scalability of the PIC characterization.
We introduce an iterative machine learning-assisted PIC characterization process to train a virtual replica of the
physical device that is then harnessed by an imperfection mitigation. We achieve unparalleled optimal control on a
12-mode Clements universal interferometer (see Fig. 1b), demonstrating the effectiveness of our approach on one
of the largest PICs available. Our work [1] is also the first demonstration of the retrieval of individual component
parameters such as crosstalk coefficients and beamsplitter reflectivity values in complex interferometer meshes.

1. Optimal control of photonic circuit using a clear-box model-based approach

Fig. 1. a) Example of photonic integrated circuit (PIC) and imperfections that degrade the fidelity
of photonic quantum information processing. As a result, the implemented unitary matrix Urealized
differs from the targeted operation on light Utarget. b) 12-mode Clements interferometer. Each block
contains two phase shifters and two beamsplitters. Input light comes from the top and reaches the de-
tectors on the bottom. c) Estimated 126×126 crosstalk matrix of a 12-mode Clements interferometer
featuring 126 thermo-optic phase shifters linking the applied voltages squared to the implemented
phases. An ideal circuit without crosstalk would yield a diagonal matrix.
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In more details, PIC imperfections (see Fig. 1a) decrease the fidelity of the implemented matrix with respect to
the target unitary matrix to apply on the input photons. We create a virtual replica of the physical device, which is
built using physical models for each imperfection. For instance, thermal crosstalk is taken into account by using
a crosstalk matrix to link the implemented phases to the applied voltages, where diagonal elements represent the
self-heating coefficients and off-diagonal elements account for crosstalk.

Our PIC characterization method tunes the model parameters such that the virtual replica reproduces the be-
havior of the physical device. The model is trained using an iterative protocol which alternates between interfer-
ence fringe measurements and machine learning stages. The machine learning stages, which update the estimated
crosstalk matrix in particular, consist in a gradient descent algorithm that learns from acquired data samples on the
physical device. This iterative process aims at enhancing the accuracy of the virtual replica at each new iteration.

Universal-scheme PICs, like Clements interferometers, can by definition implement any unitary matrix acting
on the spatial input modes. Our imperfection mitigation process leverages the knowledge of the physical device
acquired during the characterization stage to compute the voltages that implement the target unitary matrix, com-
pensating for beamsplitter reflectivity errors and thermal crosstalk leading to a high-fidelity implementation of the
target matrix and e.g. quantum protocols.

2. Experimental validation on a 12-mode Clements interferometer

The experimental validation of our process is conducted on a 12-mode universal-scheme PIC with a Clements
mesh as shown on Fig. 1b, featuring 126 reconfigurable thermo-optic phase shifters and 132 directional couplers
[3]. We characterize the phase-voltage relation, beamsplitter reflectivity errors, and input/output transmissions. We
show on Fig. 1c the estimated crosstalk matrix. Experimental assessment of the characterization accuracy yields
a circuit amplitude fidelity of Fa = (99.92± 0.02)% for 100 random phase configurations, demonstrating high
precision of the virtual replica predictions with orders of magnitude lower sample and computational requirements
compared to previous demonstrations. Compilation of 100 Haar-random unitary matrices using a deterministic
method with detector relabelling achieves a unitary amplitude fidelity of (99.77±0.04)%, resulting in the highest
reported values in the literature for Clements interferometers on the most complex PIC characterized with machine
learning to date (see Table 1).

Ref Number of modes Amplitude fidelity
[2] 6 1.3 %
[4] 20 2.6 %

[1] (this work) 12 0.23%

Table 1. State of the art in photonic circuit optimal control demonstrated on Clements meshes.

3. Discussion and outlook

Our characterization method combines machine learning with a clear-box approach, modeling both the physi-
cal PIC and its imperfections, overcoming accuracy limitations of existing methods relying solely on interference
fringe measurements. Our approach requires orders of magnitude fewer training samples and computational power
thanneural network-based methods, ensuring scalability, while also achieving the highest recorded fidelities. Fu-
ture work includes investigating and mitigating other PIC imperfections, while developing faster compilation
method. The increased reliability of photonic devices holds promise for transformative advances in quantum in-
formation processing. Photonic quantum computing reaps substantial benefits from increased PIC accuracy, by
achieving for instance higher qubit fidelities. These advances open the way to efficient near-term quantum proces-
sors with demonstrations of boson sampling with reconfigurable circuits or graph problem solvers and are essential
buiding blocks for fault-tolerant quantum computing harnessing integrated photonic components.
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The characterization of microwave 

resonators is an established method to 

evaluate materials losses [1] to improve the 

fabrication process for qubit chips. In 

addition, high quality resonators are 

essential for reliable qubit readout at low 

powers. A typical characterization consists 

of a measurement of the resonator’s quality 

factor as a function of the number of 

photons and temperature.   

Typically, such measurements rely on a 

vector network analyser (VNA) specifically 

designed and calibrated to evaluate the 

scattering matrix parameters of a system.  

In this article, we explore the potential of 

employing pulsed instruments as an 

alternative to speed up resonator 

characterization. Such instruments can 

deliver precise microwave pulses with 

stable timing and phase and are used for 

the characterization and control of qubits. 

Despite the intricacies involved in precisely 

executing the resonator characterization 

compared to using a VNA, tailoring unique 

pulses for individual resonators enables us 

to accelerate the process while 

maintaining high data quality. We 

compare the results with those obtained 

using a VNA and demonstrate that 

equivalent results can be achieved almost 

3 times faster. 
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Figure 1: Comparison between a resonator 

characterization using a pulsed instrument 

(blue) and a network analyser (red). Qint is 

extracted using a circle fit routine [2]. Power is 

converted to photons after calibrating the 

instruments output powers, cryostat lines and 

room temperature cables. The measurement 

was performed at 100 mK using a kiutra L-Type 

Rapid cryostat. 
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Silicon-based quantum computing has seen 

substantial progress in the last few years - 

developments include demonstrations of 

fidelities above the fault-tolerant threshold 

and scaling to several-qubit devices. 

Industrial fabrication processes are now 

being used to take full advantage of the 

scaling and cryo-electronics co-integration 

capabilities offered by silicon technologies. 

We present Quantum Motion's recent work 

on devices fabricated using 300-mm wafer 

processes, including exchange-driven spin-

spin interactions, rapid characterisation of 

1000+ quantum dots, and on-chip deep-

cryogenic thermometry 
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Join Carlos Kuchkovsky at QCENTROID for 

an engaging presentation that explores the 

intersection of quantum computing with 

sustainability and energy efficiency in 

business operations. This talk will introduce a 

groundbreaking problem-centered 

framework designed to enhance the 

business impact of quantum technologies. 

Focusing on the integration of quantum 

operations and business strategies, Carlos 

will guide the audience through the critical 

stages of leveraging quantum computing—

from the identification of problems to the 

implementation of practical, impactful 

solutions. This approach aims to align 

technological advancements in quantum 

computing with pressing environmental 

goals, fostering both innovation and 

sustainability. 

 

The discussion will underscore the 

importance of continuous benchmarking 

and seamless integration of quantum 

solutions into existing business ecosystems. By 

navigating the complexities of algorithm 

evolution, hardware improvements, and 

data proliferation, Carlos will demonstrate 

how a problem-centered perspective can 

unlock unprecedented opportunities in 

quantum computing. This methodology not 

only promises to elevate the sustainability 

and efficiency of business operations but 

also positions companies at the forefront of 

the quantum revolution, driving competitive 

advantage and environmental stewardship. 
 

292



 

QUANTUMatter2024 
 

Characterising frequency fluctuations in 

superconducting qubits 
 

Abhishek Agarwal 
Lachlan Lindoy, Yannic Rath, Deep Lall, Ivan 

Rungger 

 

National Physical Laboratory, Teddington, 

United Kingdom 

 

abhishek.agarwal@npl.co.uk 

 

 

Non-Markovian noise is an important source 

of noise in superconducting qubits available 

today [1]. In this presentation we show that 

including the effects of non-Markovian noise 

allows us to have a model that can 

accurately capture the device physics. We 

further develop a method to perform 

experiments on a superconducting qubit 

quantum computer to resolve qubit 

frequency fluctuations at different time 

scales, and show that the frequency 

fluctuations are the dominant source of 

observed non-Markovian noise in the device 

[2]. The methods allow us to see the effects 

of quasiparticle induced charge parity 

fluctuations, as well as frequency 

fluctuations due to two level fluctuators. We 

analyse the magnitude and rate of charge 

parity fluctuations, as well as fluctuations in 

the asymmetric charge parity frequency 

splitting. The understanding of these non-

Markovian noise sources provided by our 

model and by our experiments can allow us 

to optimize the calibration of the devices 

and to further mitigate the effects of noise. 
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Figure 1: Estimated qubit frequency errors for 

three qubits (columns) as a function of time for 

different timescales (rows). Discrete jumps in 

qubit frequency between two values are visible 

and explained by charge parity fluctuations. For 

qubit 2, further jumps are observed and 

explained by interactions with a two-level-

fluctuator. 

 

 

 
 

Figure 2: The centre of the frequencies 

corresponding to the two charge parity states 

for qubit 0, extracted after disambiguating the 

different kinds of fluctuations. Jumps in the 

centre frequency between two values can be 

seen, corresponding to a two-level fluctuator. A 

further jump at ~40,000s can be explained by 

an additional, slower fluctuator.  
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Reliable generation of entangled photons is 

crucial for the realization of efficient 

quantum communication and 

cryptography protocols. Radiative atomic 

cascades have been a fundamental 

resource of quantum light, enabling 

milestone experiments in quantum 

information [1, 2]. The development of 

efficient emitters of the same kind, such as 

quantum dots, is pivotal for establishing 

reliable quantum networks [3,4]. 

An ideal source of this kind is generally 

regarded as producing maximally 

entangled photon pairs; on the other hand, 

seminal works [5,6] highlighted an 

expected correlation between polarization 

state of photons and their wavevector, that 

affects the degree of entanglement. 

Such effect is negligible for emitters in 

vacuum since it occurs to effectively 

unreachable emission angles. Nevertheless, 

state-of-the-art emitters are generally 

embedded in cavity, engineered to 

enhance the collection efficiency of 

emitted photons. 

We demonstrate that emitters coupled to 

cavities may feature a pronounced 

polarization pattern, by experimentally 

investigating the correlation between 

polarization and wavevector of photons 

emitted by GaAs quantum dots 

embedded in different types of cavities. 

We analyse the polarization pattern of the 

radiation Back Focal Plane, determining 

the effect on the polarization profile of the 

cavities. We show that the polarization 

reshaping is stronger for more efficient 

cavities, as for the case of bullseyes [7]. By 

sampling photon pairs using differently sized 

and differently centred collection cones, 

we demonstrate a strong interplay 

between quantum correlation of photons 

and their wavevectors, a result that can 

open the path towards the design and the 

fabrication of near-ideal entangled photon 

sources in the solid state. 
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Research focused on the conjunction 

between quantum computing and logistic 

problems has been very prolific in recent 

years. This talk is focused on two problems 

of this kind: the three-dimensional Bin 

Packing Problem and a real-world-oriented 

package delivery routing problem. More 

concretely, how such realistic problems 

can be addressed from the perspective of 

a quantum annealer will be detailed. For 

doing that, two quantum-classical hybrid 

systems will be described, coined Quantum 

for Real Bin Packing Problem (Q4RealBPP 

[1,2]) and Quantum for Real Package 

Delivery (Q4RPD), respectively. The main 

strength of these systems is their ability to 

cope with real-world restrictions. Indeed, 

the two optimization problems addressed in 

this talk have been defined involving a 

Spanish company specializing in transport 

and logistics. On the one hand, Q4RealBPP 

deals with constraints such as overweight 

restrictions, preferences for package 

ordering, and affinities among item 

categories, among many others. On the 

other hand, Q4RPD deals with a 

heterogeneous fleet of vehicles, priority 

demands, and the representation of the 

capacities using two values (weight and 

dimension), among others. Both Q4RealBPP 

and Q4RDP resort to the Leap Constrained 

Quadratic Model (CQM) Hybrid Solver of D-

Wave. Finally, different kinds of visual 

demonstrations will be shown to illustrate 

the practical potential of the developed 

systems (examples in Figure 1 for the 

Q4RealBPP and Figure 2 for the Q4RPD. 
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Figure 1: Example of a Q4RealBPP output 

 

 
 

Figure 2: Examples of Q4RPD outputs 
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Quantum computing with light has recently 
been brought by several demonstrations at 
the edge of quantum computational 
advantage. These demonstrations were 
obtained making use of squeezed light and 
Gaussian Boson Sampling protocols. 
However, most of the roadmaps to fault-
tolerant universal quantum computing are 
based on encoding the information on 
single photons.  
In this work, we present the first general-
purpose quantum computing platform 
based on single photons named Ascella [1]. 
It relies on a record efficiency monolithic 
bright source of pure and indistinguishable 
singe photons [2] that feeds a universal and 
reconfigurable 12-mode linear optical 
network with 6 photonic qubits. Ascella, 
enhanced by machine learning which 
corrects hardware imperfections, shows 
state-of-the-art performances in terms of 
photonic qubit quality together with 
unparalleled number of manipulated 
photons and sampling rates. The system can 
be operated from the Quandela Cloud with 
gate-based logical circuits or directly 
manipulating single photons. 
For gate-based computation we 
benchmark 1-, 2- and 3-qubit gates with 
fidelities of 99.6±0.1%, 93.8±0.6% and 86±1.2% 

respectively, at the very best level all 
platforms considered. As a use case of the 
platform in the gate-based quantum 
computation framework we implement a 
variational quantum eigensolver to 
calculate the energy levels of H2 with record 
accuracy for photonic implementations. For 
photon native computation, we perform the 
first photon-based quantum machine 
learning classification using a 3-photon-
based quantum neural network, and report 
a first 6-photon Boson Sampling on-chip. 
Finally, we demonstrate the very first 
heralded generation of a 3-photon GHZ 
state. Such heralded entanglement 
schemes combined with the recent 
demonstration of efficient generation of 
linear cluster states directly from the same 
quantum dot source technology [3] open 
the path to fault tolerant quantum 
computing with reasonable hardware 
resource overheads.  
 
Figures 
 

 
 

Figure 1: Sketch of the overall architecture of 
the 6 single-photon quantum computer.  
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In recent years there have been great
advances in improving the coherence of
quantum annealing hardware. First
experiments show the presence of
coherence in large devices, sparking hopes
for quantum advantage through quantum
annealers. However, exponentially closing
spectral gaps are a major obstacle to
solving computational problems with
adiabatic quantum annealers. In a recent
paper, variationally optimized diabatic
annealing schedules were investigated and
an exponential speed-up over the
adiabatic model was observed [1].

Here, we propose a theoretical explanation
for this observation. We identify the
interference between amplitudes of
different energy levels after consecutive
Landau-Zener crossings, also known as
Landau - Zener - Stückelberg (LZS)
interference, as the basic mechanism of
the observed speed-up. We then proceed
by defining a class of variational diabatic
annealing schedules that make use of LZS
interference and thus drastically reduces
the search space for the optimal
parameters. We prove that if an efficient,
optimal annealing schedule is in this
schedule class, the parameters can be
optimized efficiently, which also allows us to
state conditions when variational schedules

provide an exponential speed-up over
adiabatic annealing, even if the
optimization cost is considered. After
trotterization, our results readily extend to
gate-based variational algorithms.
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Figures

Figure 1: Illustration of a schedule fragment
consisting of a ramp flanked with waiting
periods (top), which is equivalent to three
rotations where j and q are free parameters
and l is free within some range. Schedules build
from this fragment (bottom) can be optimized
to overcome exponentially closing gaps.

Figure 2: Different energy levels can be thought
of as different beam paths: the system starts in
the ground state and the population splits when
the system is ramped. By adjusting the path
length Dl, the measured intensity / ground state
population can be adjusted.

QUANTUMatter2024
297



 

QUANTUMatter2024 
 

SPOQC: a Spin-Optical Quantum Computing 

architecture 
 

Paul Hilaire, Grégoire de Gliniasty, Pierre-

Emmanuel Emeriau, Stephen Wein, Alexia 

Salavrakos, Shane Mansfield 
 

Quandela, 7 rue Léonard de Vinci, Massy, 

France 

 

Paul.hilaire@quandela.com 

 

 

 

A fault-tolerant quantum computer (FTQC) 

executes various quantum algorithms 

reliably despite minor yet significant noise. 

Achieving this requires careful arrangement 

of components for fault-tolerant quantum 

information processing without excessively 

large hardware. Photonic technology shows 

promise for large-scale quantum 

computing, but current efficient all-optical 

FTQC architectures [1] have a large 

resource footprint due to heavy reliance on 

resource state generators based on 

extensive hardware multiplexing. 

Quantum-emitter-based single-photon 

sources have recently outperformed 

traditional methods in single-photon quality, 

with their spin acting as a quantum memory, 

enhancing entanglement with emitted light. 

The current largest photonic entangled 

state was produced with this kind of sources 

[2-3]. We propose the spin-optical quantum 

computing (SPOQC) architecture, tailored 

for quantum emitter-based platforms, 

significantly reducing the resource footprint 

and hardware complexity without relying on 

multiplexing. It leverages spin-entangled 

photon emission and efficient repeat-until-

success gates to fault-tolerantly process 

quantum information. SPOQC's 

performance matches that of all-photonic 

architectures. It assesses It is modular, 

scalable and can implement any stabilizer 

quantum error correcting (QEC) codes. 

Quantum information is encoded in 

quantum emitters' spin, with photons 

facilitating long-range two-spin gates, thus 

facilitating the implementation of 

advanced QEC codes 

(that are intrinsically nonlocal) and which 

can also significantly reduce the algorithm’s 

runtime. 
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Figure 1: Overview of the SPOQC architecture. 

(a) a QEC code is characterized by its Tanner 

graph. (b) Each node of the Tanner graph is 

associated with a physical spin qubit and the 

edge connectivity physically represents a 

Repeat-Until-Success linear-optical gate that 

performs a CZ gates between each physical 

spins. 
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Since the 2019 revision of the SI systems of 

units the international units are defined by 

fixed numerical values of a set of natural 

constants. With respect to electricity, the 

base unit of the electrical current, the 

Ampere, is defined by the value of the 

electrical charge of the electron of  

e = 1.602 176 634 x 10-19 As.  

 

As a consequence, a primary quantum 

standard for the Ampere can be realized 

using so-called single electron pumps (SEPs) 

[1]. These are based on single electron 

transistors that are driven by an oscillating 

gate voltage with frequency f. During one 

oscillation cycle one electron is captured 

from source and later ejected to drain 

thereby generating a quantized current I = 

ef only given by the applied frequency and 

the defined value e.  

 

So far, the best demonstrated quantization 

accuracy of such an SEP has been obtained 

in gated quantum dots in a GaAs/AlGaAs 

heterostructures where a quantised current 

of about 100 pA has been found equal to ef 

within an uncertainty of 1.6 x 10-7 [2]. This 

extreme accuracy is not only relevant for 

metrology but also for spin qubits, where the 

clocked transport of electrons is discussed as 

a quantum link between neighbouring 

qubits [3]. 

 

In the talk I will first summarize the state of 

quantum current metrology based on 

single electron pumps. Then, I will discuss an 

optimized gate designs and a reliable 

fabrication process for these devices [4] 

and will show how single- and double gate 

operation during pumping allows to shift 

the single electron capturing process from 

the so-called back-tunneling (or decay 

cascade) regime to the thermal regime 

where the capturing error is determined by 

the fermi distribution of the source [5].   
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Figure 1: Single electron pump fabricated from 

an etched GaAs/AlGaAs heterostructure with 

top gates G defining a single electron transistor 

between source and drain. Operating the 

device with oscillating gate voltages with 

frequency f allows the generation of quantized 

currents I = ef from source to drain. 
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In recent years, the size and complexity of 

state-of-the-art quantum devices has 

increased significantly. The large number of 

qubits and peripherals demand the 

optimization and implementation of an 

ever growing number of parameters into 

circuit geometry. Additionally every qubit 

has several parameters that have to be 

implemented into a geometry to obtain the 

correct capacitance. However, simulating 

and optimizing the geometry using finite 

element methods is time prohibitive and 

does not scale to larger devices. Here, we 

present an alternative way of optimizing 

the circuit geometry using a pre-simulated 

look-up table to yield the desired circuit. 

Using the look-up table we get an 

optimization speedup of 3 orders of 

magnitude, bringing back the time from 

days to minutes, without significantly 

affecting parameter accuracy. This proves 

the look-up table to be a scalable way to 

implement the desired Hamiltonian 

parameters into circuit geometries. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

300

mailto:thijs@quantware.com


 

QUANTUMatter2024 
 

Quantum Fourier Transform using Dynamic Circuits 
 

Elisa Bäumer 
Vinay Tripathi, Alireza Seif, Daniel Lidar, Derek 

Wang 

 

IBM Quantum, IBM Research -- Zurich, 8803 

Rüschlikon, Switzerland 

 

eba@zurich.ibm.com 

 

 

 

Abstract 

 

In dynamic quantum circuits, classical 

information from mid-circuit measurements 

is fed forward during circuit execution. This 

emerging capability of quantum computers 

confers numerous advantages that can 

enable more efficient and powerful 

protocols by drastically reducing the 

resource requirements for certain core 

algorithmic primitives. In particular, in the 

case of the n-qubit quantum Fourier 

transform followed immediately by 

measurement, the scaling of resource 

requirements is reduced from O(n2) two-

qubit gates in an all-to-all connectivity in the 

standard unitary formulation to O(n) mid-

circuit measurements in its dynamic 

counterpart without any connectivity 

constraints (as first described in [1]). Here, 

we demonstrate the advantage of dynamic 

quantum circuits for the quantum Fourier 

transform on IBM's superconducting 

quantum hardware with certified process 

fidelities of >50\% on up to 16 qubits and 

>1\% on up to 37 qubits, exceeding previous 

reports across all quantum computing 

platforms. These results are enabled by our 

contribution of an efficient method for 

certifying the process fidelity, as well as of a 

dynamical decoupling protocol for error 

suppression during mid-circuit 

measurements and feed-forward within a 

dynamic quantum circuit that we call 

``feed-forward-compensated dynamical 

decoupling" (FC-DD). Our results 

demonstrate the advantages of leveraging 

dynamic circuits in optimizing the 

compilation of quantum algorithms. 
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Figure 1: The quantum Fourier transform 

followed by measurement applied to a periodic 

state implemented with unitary vs. dynamic 

quantum circuits. 
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Abstract  

 

One of the main important features of the 

noisy intermediate-scale quantum (NISQ) 

era is the correct evaluation and 

consideration of errors. In this paper, we 

analyze the main sources of errors in current 

(IBM) quantum computers and we present a 

useful tool (TED-qc) designed to facilitate 

the total error probability expected for any 

quantum circuit. We propose this total error 

probability as the best way to estimate a 

lower bound for the fidelity in the NISQ era, 

avoiding the necessity of comparing the 

quantum calculations with any classical 

one. In order to contrast the robustness of 

our tool we compute the total error 

probability that may occur in three different 

quantum models: 1) the Ising model, 2) the 

Quantum-Phase Estimation (QPE), and 3) 

the Grover’s algorithm. For each model, the 

main quantities of interest are computed 

and benchmarked against the reference 

simulator’s results as a function of the error 

probability for a representative and 

statistically significant sample size. The 

analysis is satisfactory in more than the 99% 

of the cases. In addition, we study how error 

mitigation techniques are able to eliminate 

the noise induced during the measurement. 
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Figure 1 Error contributions in the three different 

studied quantum circuits. The error contributions 

are coming from three main sources: Time,  

measurement, and gate operations (single and 

double). 
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The Adaptive Derivative-Assembled Pseudo-
Trotter Variational Quantum Eigensolver 
(ADAPT-VQE) [1] has emerged as a promising 
approach in quantum chemistry. 
Nevertheless, the application of ADAPT-VQE 
with noisy quantum devices requires to 
enhance its efficacy. Leveraging insights 
from electronic structure theory, we 
concentrate on optimizing state preparation 
without added computational burden and 
guiding ansatz expansion (Figure 1) to yield 
more concise wavefunctions with expedited 
convergence toward exact solutions. These 
advancements culminate in shallower 
circuits and reduced number of 
measurements. The performance of the new 
ADAPT-VQE variants will be assessed across 
mono, di, and tridimensional arrangements 
of H4 models, as well as in the ground state 
calculation of the water molecule. 
Ultimately, this work attests to the viability of 
physically-motivated strategies in fortifying 
ADAPT-VQE's efficiency, marking a significant 
stride in quantum chemistry simulations. 
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Figure 1: Representation of the orbital subspace 
strategy to guide ansatz growth in ADAPT-VQE. 
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|0i : reference state

Û(✓)|0i

Û(✓) =
Y

i

e✓iAi

ADAPT-VQE:

| ci =
NY

i=Ns+1

e✓iÂi | si

| si =
NsY0

i=1

e✓iÂi | (0)i

Lanczos method:

{| ki = Ĥk| 0i | k = 0, 1, ..., D � 1}

H~v = ✏0S~v

Hij = h i|Ĥ| ji

Sij = h i| ji

D ⇥D

Lattice Hamiltonian:

Ĥ =

X

ij

tijc
†
icj +

X

i

Vini +

X

hi,ji

Uijninj
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Abstract 

 

The use of fidelities in Quantum Theory has a 

long history that has enhanced our 

understanding of quantum systems. In 

Quantum Many-body physics, detecting 

Quantum Phase Transitions (QTPs) without 

conventional order parameters is of 

particular interest, as these parameters may 

not work for some models.  In such cases, 

Quantum Machine Learning (QML) comes 

into play, along with quantum fidelities. Our 

study of QPTs utilizes physics-inspired 

Quantum Kernels tailored to celebrated 

fidelities such as the Uhlmann and the 

Susceptibility fidelity. We leverage these 

Quantum Kernels for Anomaly Detection in 

an unsupervised setting - the anomalies 

being the quantum phase transition 

boundaries. In the Figure, we efficiently 

recognize the different phases of the Axial 

Next-Nearest-Neighbour Interaction (ANNNI) 

model already for spin chains of small sizes 

supporting the validity of our QML model. 
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Figure 1: Phase Diagram of the ANNNI model 

realized using physics inspired feature mapping 

for our Quantum Kernel. 
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The strong coupling of excitons in 

quantum emitters with the modes of optical 

resonators leads to the emergence of hybrid 

excitations with novel properties that can be 

identified by Rabi oscillations in time 

domain. Usually, the realization of this effect 

requires cryogenic temperatures. However, 

this constraint can be overcome by 

confining the optical energy to an extremely 

small volume through metallic 

nanoresonators that support plasmonic 

resonances induced by the collective 

oscillations of the free electrons of the metal. 

A sketch of a such a configuration is shown 

in Figure 1.  

We first describe the interest of the 

coupling between plasmonic 

nanoresonators and quantum emitters for 

molecular characterization and for the 

design of sources of quantum light. The 

physics of these systems can be modelled 

using the Jaynes-Cummings Hamiltonian for 

a single plasmonic mode coupled to a 

single quantum emitter treated as a two-

level system.  

We then implement the Jaynes-Cumming 

Hamiltonian in an IBM quantum computer 

after qubitization of the bosonic plasmonic 

excitation [1,2], and obtain the resulting time 

evolution of states population(Figure 2). We 

describe how, under adequate conditions, 

there is no trotterization error [3].  This work 

thus makes it possible to assess the 

possibilities of quantum computing to treat 

these systems, as a first step towards the 

study of more complex configurations 

involving many quantum emitters, for 

example, where the size of the Hilbert space 

makes classical calculations challenging.     
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Figures 

 

 
Figure 1: Sketch of a typical emitter-resonator 

system, where a quantum emitter (here, a 

molecule) is coupled with an optical 

nanoresonator.  

 

 
Figure 2: Population of a quantum emitter 

coupled to a plasmonic nanoresonator, 

obtained using classical (dashed red line) and 

quantum (solid blue line) simulations. The results 

show clear Rabi Oscillations in both cases. The 

time is given in units of 1/g, where g is the 

nanoresonator-emitter coupling strength.  
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Quantum error mitigation (QEM) techniques 
have shown extremely good promise in 
order to extract accurate expectation 
values of observables of interest by means 
of noisy quantum processors in the NISQ-era 
[1,2]. Some widely-accepted QEM methods 
have converged into to the so-called 
Probabilistic Error Amplification (PEA) based 
zero-noise extrapolation (ZNE) [2]. This 
method assumes that the ideal (target) 
expectation value of operators are functions 
of noisy values of those measured at 
different noise rates. It should be noted that 
the PEA+ZNE methods require precise 
characterization of the noise in the quantum 
device. Moreover, it is not generally easy to 
make assumptions of the decay tendencies 
of the observables, especially when non-
Clifford circuits are targeted [2,3]. Some 
methods attempt to learn those by 
substituting most of the gates of a circuit by 
Clifford gates (Clifford Data Regression, 
CDR) [4] or by small-scale tractable circuits 
[5]. However, changing the circuit changes 
the noise and, thus, what is learnt might not 
be always accurate for the target circuit. 
 
 
 
 
 
 
 
 

In this work, we propose a method based on 
projecting the ideal expectation values onto 
a linear span of noisy measurements. The 
method does not require to know the 
amplification ratios in the system. In order to 
train the coefficients for the linear span, we 
make use of observables whose 
expectation values are conserved over the 
dynamics (Hamiltonian symmetries). 
Specifically, we probe the noisy processor to 
obtain noisy expectation values (at different 
noise rates) of quantities that are conserved 
and, therefore, known, for obtaining the 
projection weights. The obtained model is 
then used to mitigate the noise of the target 
observables of interest. In this way, the 
circuits for which the training is made are 
exactly the same as for the actual 
experiment. 
 
We numerically analyse the proposed 
method for studying the magnetization in 
the transverse field Ising and Heisenberg 
models. We will also discuss the potential of 
the method for discerning which is the 
function that defines the decays of the 
observable. We will also present the future 
research on the topic. 
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Abstract 

Understanding how hydrodynamic 

behaviour emerges from the unitary 

evolution of the many-particle Schrodinger 

equation is a central goal of non-equilibrium 

statistical mechanics. In this work we 

implement a digital simulation of the 

discrete time quantum dynamics of a spin-

1/2 XXZ spin chain on a noisy near-term 

quantum device, and we extract the high 

temperature transport exponent at the 

isotropic point. We simulate the temporal 

decay of the relevant spin correlation 

function at high temperature using a 

pseudo-random state generated by a 

random circuit that is specifically tailored to 

the ibmq-montreal 27 qubit device. The 

resulting output is a spin excitation on a 

homogenous background 21 qubit chain on 

the device. From the subsequent discrete 

time dynamics on the device we are able to 

extract an anomalous super-diffusive 

exponent consistent with the conjectured 

Kardar-Parisi-Zhang (KPZ) scaling at the 

isotropic point. Furthermore we simulate the 

restoration of spin diffusion with the 

application of an integrability breaking 

potential. [1] 
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Figure 1: (a) The ibmq montreal qubit 

connectivity, with a 1-dimensional XXZ model 

(OBC) mapped onto a 21-qubit chain in the 

device. Site 0 is mapped to the encircled qubit, 

and is untouched by the randomisation 

procedure. (b) Red (blue) is CNOT pattern A (B) 

used in the random state preparation. These are 

alternated at each layer of the iterated random 

circuit. (c) The bipartite von Neumann 

entanglement entropy of the 20 qubit chain as 

a function of the number of layers in the 

random circuit. These results are from a clean 

simulation with connectivity matching that of 

ibmq montreal. The dashed line represents the 

maximum Page value (d) The spin density 

profile of the final state of one sampling of the 

random circuit. 
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Abstract 

 

In this talk, I will present experimental results 

on the simulation of ground state energies 

of Heisenberg XXZ models on a quantum 

computer. The method used is the 

quantum Krylov algorithm [1], a recently 

developed technique for approximating 

low-lying eigenenergies on near-term 

quantum computers without requiring a 

variationally-optimized quantum circuit. We 

show how symmetries of the model can be 

exploited to further simplify our circuits, and 

combined with the intrinsic noise resilience 

of the quantum Krylov algorithm and error 

mitigation techniques developed for large-

scale simulations on superconducting 

quantum processors, we are able to show 

convergence to the ground state energy 

on two-dimensional systems of 50+ spins. 

The problem is parameterized such that 

one may seamlessly interpolate from the  

classically tractable regime to the  

classically intractable regime. Although 

effects of noise prevent us from reaching 

the latter in the current generation of 

experiments, this opens a clear and 

continuous path to demonstrating 

quantum advantage for ground state 

problems. 
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Figure 1: (top) results of quantum simulation of a 

2D, 56-spin XXZ model in the single-particle 

sector using a quantum computer. (bottom) 

layout, including control qubit (gray). 
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Dynamical quantum systems provide a rich 

playground to study a number of 

fundamental questions in quantum 

mechanics regarding localisation, 

ergodicity and entanglement growth. 

Classical methods such as tensor networks 

can be used to study these phenomena 

but are restricted to certain paradigms 

such as short-time simulations or systems 

with weak entanglement growth. It is thus 

not always clear from numerical simulations 

whether an observed physical 

phenomenon is an artefact of the structure 

imposed on the Hilbert space by the tensor 

network algorithm or is indeed a true 

reflection of a quantum mechanical 

system. In this work, we use a quantum 

computer to address this issue. We consider 

a Hamiltonian with disordered couplings 

and implement its dynamics on a quantum 

computer. We ask the following questions: 

can we observe a low dimensional discrete 

time crystal in an interacting system on a 

real quantum device? Can we observe the 

localisation/thermalisation transition on a 

quantum computer? If the ergodic regime 

is difficult to study with classical numerics, 

can the quantum computer provide more 

accurate results? 
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Abstract 

 

We present quantum computations of 

chemistry that go beyond problem sizes 

amenable to current state-of-the-art exact 

diagonalization methods. Our results are 

obtained in a quantum-centric 

supercomputing architecture, using 6400 

nodes of the Fugaku supercomputer to 

assist an IBM Heron quantum processor. We 

simulate the N2 triple bond breaking in a 

correlation-consistent cc-pVDZ basis set, 

and the active-space electronic structure 

of [2Fe–2S] and [4Fe–4S] clusters, using 58, 

45 and 77 qubits respectively, with 

quantum circuits of up to 10570 (3590 2-

qubit) quantum gates.. The experiments 

performed establish an unconditional 

quality metric for quantum advantage, 

certifiable by classical computers at 

polynomial cost. We believe these results 

will redefine the exploration of quantum 

advantage for chemistry, and more 

broadly for applications of quantum 

computing in general. 
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In this short talk I will discuss recent 

developments to implement variational 

quantum machine learning algorithms using 

few-qubit NISQ quantum processors, 

including quantum clustering, quantum 

optimization with non-orthogonal states, 

quantum continuous optimization, and 

variational quantum attacks to symmetric-

key cryptigraphy. I will also discuss recent 

developments on the implementation of 

quantum-SVMs and quantum kernels for 

classification problems.  
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Abstract  

 

We introduce a framework to combine 

classical Tensor Network techniques with 

quantum computing for the purpose of 

quantum simulation. The method uses Tensor 

Network based methods to efficiently 

compile Trotterized time-evolution operators 

into short-depth quantum circuits and 

combines aspects of Approximate 

Quantum Compiling (AQC), Matrix Product 

States (MPS) and classical optimization 

techniques to achieve this. We demonstrate 

the effectiveness of this technique on 

simulations on a number of different models 

on up to 100 qubits and discuss the wide 

variety of quantum simulation problems that 

could benefit from this approach. 
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Figures 

 

 
 

Figure 1: The AQCtensor workflow: the first part 

of the circuit (classically simulatable) is 

compressed to a shallow circuit. The remaining 

part (difficult to simulate classically) is simulated 

on the quantum device. 

 

 
 

 
 

Figure 2: Blue line: the fidelity of the Trotterized 

circuit with the quasi-exact state. Red line: the 

fidelity of the optimised circuit with the quasi-

exact state. 
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Recent advancements have showcased 

the capability of noisy intermediate-scale 

quantum (NISQ) hardware to create many-

body localization using a one-dimensional 

chain of spins, subjected to periodic driving 

[1-5]. These implementations reveal several 

useful features, including period multiplicity 

under periodic driving, retention of initial 

state information amidst noise, and other 

characteristics indicative of a phase of 

matter known as a discrete time crystal 

(DTC). However, these demonstrations 

have primarily been confined to one-

dimensional systems. It has been suggested 

that the distinctive traits of a DTC might 

extend to two-dimensional and quasi-two-

dimensional lattice structures [6]. In this 

study, we leverage cutting-edge NISQ 

hardware (IBM Torino) to simulate the 

dynamics of a quasi-two-dimensional 

heavy-hexagonal spin ½ lattice. Our 

investigation unveils approximate period 

doubling phenomena and robustness of 

dynamics against noise interference. 

Additionally, we address the intricacies 

associated with implementation of these 

lattices on NISQ devices and outline 

avenues for further exploration into the 

characteristic signatures of many-body 

localization. 
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Figures 

 
Figure 1: Subset of 28 qubits in a heavy-hex 

lattice (quasi-2D) geometry, with the 

corresponding physical qubit index label. A 

total of 125 qubits (18 hexagons) is used on IBM 

Torino. 

 

 
Figure 2: Polarization per qubit as a function of 

time (Floquet cycles) for the geometry 

described in Figure 1, for a single realization of 

disorder. The polarization exhibits approximate 

period doubling, a necessary component for a 

discrete time crystal. 
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Multi-product formulas (MPF) are linear 

combinations of Trotter circuits offering high-

quality simulation of Hamiltonian time 

evolution with fewer Trotter steps. Here we 

report two contributions aimed at making 

multi-product formulas more viable for near-

term quantum simulations. First, we extend 

the theory of Trotter error with commutator 

scaling developed by Childs, Su, Tran et al. 

to multi-product formulas. Our result implies 

that multi-product formulas can achieve a 

quadratic reduction of Trotter error in 1-norm 

(nuclear norm) on arbitrary time intervals 

compared with the regular product formulas 

without increasing the required circuit depth 

or qubit connectivity. The number of circuit 

repetitions grows only by a constant factor. 

Second, we introduce dynamic multi-

product formulas with time-dependent 

coefficients chosen to minimize a certain 

efficiently computable proxy for the Trotter 

error. We use a minimax estimation method 

to make dynamic multi-product formulas 

robust to uncertainty from algorithmic errors, 

sampling and hardware noise. We call this 

method Minimax MPF and we provide a 

rigorous bound on its error.  
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Figures 

 

 
 

Figure 1: Approximation error achieved by the 

second-order Trotter circuit with k3 = 850 time 

steps (blue) and MPF with (k1, k2, k3) = (200, 650, 

850) (orange) for the Heisenberg 

spin chain Hamiltonian with n = 14 qubits. Green 

line shows the fitting formula.  

 

 

Figure 2: Approximation error for MPFs: well-

conditioned static MPF with ρ8,26,34 (red), best 

Trotter formula ρ34(green), dynamic MPF with 

exact data (blue) and mini-max MPF with 

noisy/approximated data (orange) both us- 

ing ρ8,20,26,30,34, for the Heisenberg spin chain 

Hamiltonian Eq. (30) with n = 10 qubits. The shot 

noise magnitude is depicted as a dashed line 

for reference. 
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Abstract  

 

We analytically study the optical response 

of a binary atomic system with one of them 

excited by an incoherent pump and 

continuous illumination provided by a 

quasi-resonant beam [1]. This study allows 

us to analyze and eventually optimize the 

coherent manipulation of the system while 

preserving the fundamental quantum 

properties, i.e., entanglement, superposition 

and coherence by executing operations by 

applying lasers on atoms trapped in optical 

tweezers [2]. Using a schematic 

representation, we identify all radiative 

processes to describe those configurations 

in which incoherent effects, such as 

absorption and spontaneous emission 

processes, can be neglected in the middle 

and far-field regime. On the other hand, 

we identify those processes that, by 

breaking the parity symmetry, imply the 

directionality of the emission and determine 

the asymmetric transfer of the excitation. In 

subsequent work, this study will be 

extended to chains of neutral atoms 

through numerical simulations, with the aim 

of optimizing the scalability of multi-atom 

qubits [3]. 
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Variational Quantum Algorithms (VQA) are 
the leading class of hybrid quantum-
classical methods to cope with the 
limitations of near-term quantum hardware 
[1]. However, their effectiveness is 
hampered by the complexity of the classical 
parameter optimization, making the design 
of efficient optimization methods 
fundamental for leveraging the potential of 
VQAs. In this work, we propose a gradient-
free parameter optimization strategy based 
on a modified version of the Monte-Carlo 
tree search (MCTS) algorithm [2] for the 
Quantum Approximate Optimization 
Algorithm (QAOA) [3], one of the most 
relevant algorithms in the VQA family. Our 
modifications allow MCTS to iteratively 
restrict the action space to exploit the 
parameter regularity inherent in optimal 
schedules and efficiently explore complex 
search domains [4]. The algorithm performs 
well in hard instances of 3-SAT and MaxCut 
problems, and exhibits remarkable 
robustness against noise. Our results shed 
light on the interplay of artificial intelligence 
and quantum information and provide a 
valuable step towards robust quantum 
computation with existing hardware.

Figures

Figure 1: Distribution of leaf nodes in P=2 QAOA 
for a 3-SAT instance according to the distance 
from the optimal parameters and the final 
energy. Performance comparison of standard 
and modified MCTS.
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Solvents are capable to control the 
dehydration and carbonization of organic 
molecules in solvothermal processes. They 
also determine the size of sp2-conjugated 
domains related to the emission range of 
fluorescence for carbon-based quantum 
dots and are involved in the addition of 
doping agents as nitrogen in graphitic 
positions responsible of an increase of 
Photoluminescence Quantum Yield (PLQY) 
[1]. Modulating luminescence is required for 
several applications of Quantum Dots (QDs). 
Current strategies for red shifting are 
associated to the use of complex precursors, 
reducing solvents like dimethylformamide 
(DMF) or concentrated sulfuric acid solutions 
[2]. However, these approaches limit their 
applicability for large scale applications in 
synthesis of functional materials due to their 
toxicity and effect in environment. Deep 
eutectic solvents (DES) achieved a large 
interest recently due to their high ionic 
charge, their high polarity, and their 
supramolecular structure [3]. Moreover, 
natural sourced eutectic solvents (NADES) 
have been studied due to their low toxicity, 
low production cost and high chemical 
stability that makes them promising 
candidate to be employed in different 
processes as catalysts o even reactor 
medium [4]. For example, some studies have 
reported their use as solvents or precursors 
for carbonized nanostructures with desired 
electronic properties [5]. In this work, 
different proportions of NADES have been 
employed as reaction medium to modify 
the emission wavelength of solvothermal 
synthesized luminescent graphene quantum 

dots. According to the results obtained, the 
use of different compounds like choline and 
polyols, as well as their mixture proportions 
are capable to tune the reductive 
character of solvothermal medium. Thus, an 
inhibition of oxidized moieties and an 
increase of conjugated domains and 
nitrogen doped in graphitic positions are 
observed compared to water-based assays. 
This allowed to obtain highly luminescent 
materials with tuned emission properties for 
several applications (as cell labelling, led 
lighting, etc) avoiding the use of harmful 
reactants at the same time. 
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Figures 

  
Figure 1: Synthesized graphene quantum dots in 
NADES (left picture) and excitation-emission 
spectroscopy wavelength profiles of synthesized 
quantum dots (right picture). 
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Abstract  
 
Artificial Intelligence has been used for the 
real and fake art identification and different 
machine learning (ML) models are being 
trained then employed with acceptable 
accuracy in classifying artworks. Fake art can 
distort the understanding and appreciation 
of an artist's true work and style. Accurate 
identification of genuine pieces ensures the 
preservation of artistic heritage and 
prevents the spread of misinformation. As 
the future revolutionary technology, 
quantum computing opens a grand new 
perspective in the art area. Using Quantum 
Machine Learning(QML), the current work 
explores the utilization of fully quantum 
models, hybrid models along with classical 
model implementation. The study utilizes 
Normal Arbitrary Superposition state (NAQSS) 
for encoding image into quantum circuit. The 
learning of trainable parameters for image 
classification Quantum Neural Networks 
(QNN) for a fully quantum models. With a 
Hybrid approach, Hybrid Quantum Neural 
Network with parallel quantum dense layers 
(HQNN-Parallel). ResNet model is being used 
for classical model. The study addresses the 
quantum speed up in training time of models, 
accuracy and computational complexity of 
the models. Starting with a simplest example 
of 4 * 4 images up to 32 * 32, the accuracy 
has been improved for full quantum model 

with the increasing size of the images as the 
circuit depth increases linearly with the 
image size namely (2 n+1− 1). 
The three models are discussed and the 
potential of QML and parameters influencing 
accuracy are extensively investigated. The 
implementations have been carried out using 
Qiskit and Torch for training the models.  
 
Figures 
 

  
 

Figure 1: . Training accuracy for 2*2 image 
classification of Quantum Neural Network with 
NAQSS Image Encoding.  
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Abstract

We study the electronic properties of 
twisted WSe2 within a single-band  t-J 
model supplemented with Dzyaloshinskii-
Moriya term. In order to take into account 
the effects of electron-electron 
correlations  the Gutzwiller approach is 
applied. The calculated phase diagram 
contains stability regions of the 
topologically nontrivial superconducting 
state characterized by a mixed d+id-wave 
(singlet) and p-ip-wave (triplet)
gap symmetry. We also report on the 
appearance of an additional extedned s-
wave and f -wave pairings which reside in 
the low and high electron concentration 
regimes. As we show, by changing the 
displacement field, one can tune the 
balance between the singlet and triplet 
contributions to the pairing. We analyze 
the physical origin of the reported effects 
and discuss it briefly in the view of new 
possibilities for designing quantum phases
in moiré systems with high degree of 
tunability.
This research was founded by National 
Science Centre, Poland (NCN) according to
decision 2021/42/E/ST3/00128.
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Figures

Figure 1: Superconducting gap amplitudes 
for the spin-singlet d + id and spin-triplet p − 
ip symmetries as a function of band filling n 
for selected values of exchange interaction 
energy J = 2.62 meV and displacement field D
= 0.4 V/nm

Figure 2: The spin dependant Fermi surfaces 
at half filling (a,b) and the density of states 
(c,d) for two selected values of the
displacement field, D. 
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We investigate the topological 
characteristics of a recently discovered 
class of semimetals in two dimensions on 
the honeycomb lattice. These semimetals
reside at the transition between two 
distinct topological insulators, each 
existing in a nontrivial topological phase. 
As a result, these semimetals exhibit 
specific topological properties, including 
the presence of edge modes. In a 
preceding work [1], we demonstrated the 
topological robustness of this semimetal 
phase against disorder and interactions. 
In this work [2], we delve deeper into the 
semimetal's.
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Figures

Figure 1: One-dimensional energy bands of 
the topological semimetal showing the two 
underlying band structures of opposite spin 
polarization, with the spin polarization shown 
in the third direction.

Figure 2:  Resulting energy bands in the 
momentum-Energy axis.
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Abstract 
 
The study of qubit architectures with intrinsic 
protection against noise has been an ever-
growing field of research. The 0 - p qubit is an 
exciting case, owing to its multimode nature 
and resilience against noise. Here we deeply 
study the 0 - p qubit phenomenology and 
propose a novel perspective on single-qubit 
gates realization, based on adiabatic time 
evolution by taking advantage of its 
remarkable symmetry properties. 
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Figures 
 

 
 

Figure 1: Circuit diagram of the 0-p qubit 
 
 
 

 
 
 
 
 
 

 

 

 

 

 

 

 

Figure 2: Schematic view of the logical qubit 
gate trajectory in the ground state surface for 
the 0-p qubit Hamiltonian 
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Flat  bands  in  Moiré  systems,  and  their
localization  in  real  space,  have  been
connected with exotic correlated physics,
such  as  the  superconducting  and  Mott
insulating phases of Magic-Angle Twisted
Bilayer  Graphene  (MATBLG)  [2-4].  This
happens  because  the  vanishing  kinetic
energy  and  the  real-space  localization
trigger a dominant Coulomb interaction.

The role of the Moiré superlattice potential
in this phenomenon is well known, but the
roles  of  structural  (twist-angle)  and
electrostatic disorder remain unclear.

In this presentation we will discuss what is
known  about  the  effect  of  disorder  on
MATBLG,  and  present  simulation  results
showing that the inclusion of electrostatic
disorder  in  MATBLG  can  lead  to
delocalization in the flat bands, increasing
the  electronic  mean  free  path.  This
suggests  that  even  weak  disorder  can
have  a  strong  impact  on  the  Coulomb
interactions that drive the exotic physics
of these systems.
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Figures

Figure  1: Density  of  states  of  MATBLG for
increasing disorder strengths  (solid → dashed
→  dotted).  The  left  inset  shows  the
localization  pattern  in  the  clean  case.  The
right  inset  shows  the  band  structure  of  the
clean system.

Figure  2: Mean  free  path  of  electrons  for
increasing values of disorder  (solid → dashed
→  dotted) An  increase  in  disorder  initially
leads to an increase in the mean free path in
the flat bands, with the usual trend recovered
once  its  contribution  dominates  the  Moiré
potential. Insets show local densities of states
for   intermediate  (left)  and  strong  (right)
disorder.
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Most studies on ReS2 spectroscopy have
primarily focused on optical
characterization, such as
photoluminescence, absorbance, or
reflectance spectroscopy. However, to fully
understand the material's properties, a
comprehensive investigation into its
optoelectronic behaviour is necessary. In
this study, we have conducted
polarization-resolved photocurrent spectra
measurements on few-layer ReS2
photodetectors at both room temperature
and cryogenic conditions (14 K). Our
findings reveal an exciton-like spectral
feature with comparable photoresponse
intensity to the main exciton lines reported
in previous literature. Interestingly, this
phenomenon was not observed in earlier
photoluminescence measurements.
Furthermore, we observed changes in the
intensities of the three exciton features
under linear polarized light, with each
reaching maximum intensity at different
polarization angles. The results from
first-principles exciton calculations using the
Bethe-Salpeter formalism support our
experimental observations. These findings
offer new insights into the study and

utilization of exotic optoelectronic
phenomena in ReS2-based devices.

References

[1] Vaquero, D., Arroyo-Gascón, O.,
Salvador-Sánchez, J., Alcázar-Ruano,
P.L., Diez, E., Perez-Rodríguez, A.,
Correa, J.D., Domínguez‐Adame, F.,
Chico, L., & Quereda, J. (2023).
Polarization-tuneable excitonic
spectral features in the optoelectronic
response of atomically thin ReS2. 2D
Materials, 11.

Figures

Figure 1: On the left, photocurrent spectra
acquired for different angles of light
polarization, from 0 to 170º relative to the b
crystalline axis with Vsd = 5 V, Vgate = 45 V and
a power density of 500 W m-2 . Consecutive
spectra have been shifted vertically in steps of 5
mA W -1 for easier visualization. On the right,
polar plots showing the modulation of the
different spectral features as a function of the
polarization direction, extracted from fittings to
multi-Lorentzian curves
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A diamond-based sensor utilizing nitrogen-
vacancy (NV) center ensembles permits the 
analysis of micron- sized samples through 
NMR techniques at room temperature [2]. 
Current efforts are directed towards 
extending the operating range of NV centers 
into high magnetic fields, driven by the 
potential for larger nuclear spin polarization 
of the target sample and the presence of 
enhanced chemical shifts. Especially 
interesting is the access to J-couplings as 
they carry information of chemical 
connectivity inside molecules [3]. In this work, 
we present a protocol to access J-couplings 
in both homonuclear and heteronuclear 
cases with NV centers at high magnetic 
fields. Our protocol leads to a clear spectrum 
exclusively containing J-coupling features 
with high resolution. This resolution is limited 
primarily by the decoherence of the target 
sample, which is mitigated by the noise 
filtering capacities of our method. 
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Figure 1: Scheme of one step of the protocol. The 
sequence begins by driving the hydrogen nuclei 
to the |+> state. By employing a free evolution 
interval 𝜏, with by a 𝜋-pulse at its midpoint, we 
selectively isolate the desired J-couplings while 
simultaneously mitigating the impact of 
magnetic field inhomogeneities. This approach 
effectively extends the coherence time of the 
sample from T2* to T2. Then, the signal emitted by 
the sample (proportional to the magnetisation, 
depicted bellow the sequence) is read via an 
heterodyne read-out protocol [4] with the 
nitrogen vacancy center ensemble. 
 
 
 
 

 

 

 

 

 

Figure 2: Simulation of the protocol using 
fluoromethanol as the target molecule. The 
obtained peaks in the Fourier space are directly 
related to the couplings depicted in the scheme 
of the molecule. In this case, only the coupling 
among hydrogens and carbons are targeted (as 
well as those between non-equivalent 
hydrogens). The frequency resolution is 
estimated to be approximately 1Hz, which is 
about 3 times better than when working with T2*. 
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Abstract 
 
Multi terminal Josephson junctions are 
emergent platform where Andreev bound 
states (ABSs) are predicted to exhibit non-
trivial topological phases [1-6]. Particularly, in 
four terminal devices, the ABSs should 
hybridise forming Weyl nodes in their energy 
spectrum when the phase differences 
between the four terminals are tuned within 
a finite region of parameter space. 
Therefore, independent phase control is 
essential to experimentally investigate the 
properties of such devices. Here, we 
fabricate a four terminal device (Fig.1(a,b)) 
in an hybrid Al/InAs QW heterostructure, 
where the three phase differences are 
independently controlled via flux biasing. 
Using tunnelling spectroscopy, we explore 
how the ABS energy spectrum evolves 
across the entire three-dimensional phase 
space identifying different phase-regions 
where the hybridisation between two and 
three ABSs occurs as shown in Fig2(a,b). Our 
results pave the way for future investigations 
on new topological ABS in multiterminal 
devices. 
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Figures 
 

 
 

Figure 1: (a) Schematics of our four terminal 
device where the three phase differences (L, 
M, R) in (b) are tuned via flux biasing. 
Tunnelling spectroscopy is performed on the 
superconductive island at the center of the 
scattering area (b). 
 
 

 
 

 

Figure 2: (a) Conductance isosurface measured 
at Vsd = -0.25 meV showing characteristic 
signatures of hybridisation between two ABSs 
along the cube’s faces. (b) Energy spectrum of 
a tri-ABS molecule when the three phases are 
simultaneously tuned to (, , ). 
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Multiple mechanisms can protect two 
modes from scattering into one another: 
topology and symmetry in a quantum spin 
Hall effect, adiabaticity in a point contact, 
and spatial separation in quantum Hall 
effect. 
Up to now, however, only spatial 
separation was known to protect chiral 
transport of modes in a three terminal 
device. 
I will share our discovery of higher-
dimensional adiabaticity that allows three 
modes to pass through each other without 
scattering in a multiterminal 
superconducting device [1]. 
This protection relies on the recently 
discovered link between the Fermi surface 
topology and the structure of propagating 
quasiparticle modes in Josephson junctions 
[2-3]. 
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Figure 1: Three terminal Josephson junction. 
 
 

 
 

Figure 2: Quantized transmission of Andreev 
modes through the superconducting trijunction. 
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Superconducting circuits based on 3D 
architectures offer a way for hardware-
efficient quantum information processing. 
Combined with nonlinearity, a single 
bosonic mode can replace a multi-qubit 
register, thus significantly reducing the 
required control electronics. Compared to 
their purely planar counterpart, 3D circuits 
possess longer lifetimes and a 
straightforward design that eases 
engineering the interactions in composite 
systems. 
In this work, a superconducting coaxial 
cavity[1] is coupled to a fluxonium qubit[2] 
via a readout resonator. The tunability of the 
qubit, provided by a magnetic flux hose[3], 
is used to adjust the cavity-qubit interaction 
in situ. Combined with an element for two-
photon dissipation, this setup could be 
utilized as an improved building block for a 
fully protected logical qubit. 
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Figures 
 

 
 

Figure 1: Setup schematic. The system consists 
of a coaxial cavity (white), fluxonium chip 
(blue), magnetic flux hose[4] (grey) and a 
Purcell filter[5] (orange). 
 
 
 

 
 

Figure 2: Simulated[4] dispersive shift between 
the cavity and the qubit as a function of the 
normalised trapped flux (blue) together with the 
measured datapoints (red).  
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Gating  Bernal  bilayer  graphene  breaks  the
inversion symmetry so that the stacking AB/BA
boundaries  reveal topologically protected states
within  the  gap  [1].  Here,  we  theoretically
investigate arrays where the AB and BA domains
are  periodically  patterned  with  experimentally
identified  defect  lines  [2,3].  In  the  calculations
we consider electron-electron interaction effects
using  density  functional  theory.  Our  findings
reveal  the existence of topological states within
a gap induced by the patterning even without an
applied  gate  voltage.  Furthermore,  with  an
applied gate potential, the defect lines introduce
spin-polarized states pinned within the gap and
exhibit  ferromagnetically  coupled  states.
Importantly,  we  observe  a  hybridization  of
magnetic and topological states near the valleys
that form conducting channels  characterized by
spin-momentum  locking.  The  effect  persists
even  with  slight  n-doping  and  gate  voltage;
however,   the  progressively  pinned  n-doped
defect  states  induce  spin  polarization  in  the
topological and valley states. Additionally,   the
two-dimensional bands under doping conditions
exhibit  nesting  across  the  Fermi  surface,
allowing  for  modulation  of  charge  densities
along the lines which are nearly commensurate
with the underlying graphene-defect lines. These
quasi-one-dimensional  patterns  in  bilayer
graphene show a new kind of spin conducting
channels with novel characteristics common to
both spintronics and valleytronics [4].
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Figures

Figure 1: (Upper panel) Schematic view of an array
of defect lines in bilayer graphene separating AB and
BA stacking domains. (Lower panels) Zoom views of
defect  nodes.  Gray  and  red  carbon  atoms
correspond  to  zigzag-  and  Klein-like  nodes,
respectively.

Figure 2: Interplay of defect states and topological 
states around valleys, to be discussed for  domain 
walls in bilayer graphene, as shown in Fig 1.
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Abstract  
 
Quantum sensing harnesses the innate 
sensitivity of quantum systems to external 
perturbations, enabling precise 
measurements of physical quantities. The 
most prevalent platforms like color centers in 
insulators and superconducting circuits 
excel in detecting magnetic or electric fields 
but the spatial resolution of existing 
techniques remains elusive as a 
consequence of retaining the sensor 
location and size. In contrast, conventional 
probe techniques, such as scanning 
tunneling microscopy (STM), achieve 
atomic-scale resolution routinely. Recent 
advances integrating electron spin 
resonance (ESR) with STM [1,2] have paved 
the way for quantum sensing while the 
studies have focused on quantum sensors 
located on a surface, which prevents 
tunable couplings and three dimensional 
characterization. This work presents a fully 
integrated, mobile quantum sensor 

positioned at the STM tip. The quantum 
sensor is composed of a magnetic atom 
cluster for readout and a free radical for 
ESR-based quantum sensing. By measuring 
the magnetic and electric dipole moments 
of an iron atom and a silver dimer on 
Ag(111), we demonstrate the functionality 
of our quantum sensor, providing sub-
microvolt energy resolution and 
simultaneous atomic-scale spatial resolution 
for magnetic and electric field 
measurements. We anticipate that our fully 
integrated sensing and read-out unit can 
further facilitate the characterization of spin 
ordering in newly emerging materials, 
thereby advancing the application of 
quantum sensing technologies to the realm 
of quantum materials.  
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Figures 
 

 
 

Figure 1: Molecular quantum sensor attached 
to the STM tip, which can be electrically 
detected by ESR and deliver atomic resolution 
to read out magnetic and electric fields.  
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Quantum error-correction schemes are 
designed to actively remove errors from 
large scale quantum processors and are 
predicted to require a significant number of 
physical resources. A different ‘passive’ 

approach to this problem encodes 
quantum information in the ground state 
space of a quantum phase that is protected 
by symmetry and topology [1].  

Our ‘passive’ approach involves the 

engineering of a spin chain model 
Hamiltonian with both short-range nearest-
neighbour (NN) interactions and longer-
range interactions, beyond next-NN. This 
model exhibits a high degree of 
entanglement across the chain and 
possesses protected degenerate ground 
states. These robust states energetically 
suppress errors and can be viable for 
quantum computation due to their non-
local properties [2,3]. We use a density 
matrix renormalisation group (DMRG) 
approach to study the entanglement 
structure with quantum information 
measures, in order to classify the quantum 
phases and detect signatures of 
topologically non-trivial phases. 
This work can be used to offer further insight 
into the engineering of qubits for exploiting 
protection properties of topologically 
ordered phases of matter. 
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Figures 
 

 

 

Figure 1: A map of different spin chain models 
with some example systems placed in terms of 
their longest interaction, where R is an integer 
corresponding to the distance between the site 
numbers in the two-body interactions. Vertical 
axis represents the sign of the interaction 
between the NN pairs, ferromagnetic (FM) or 
antiferromagnetic (AFM). Below represents 
regimes of power-law models, validity of some 
analytical methods, and examples of physical 
systems. 
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Investigating topological phases and their 
transitions is crucial for discovering new 
quantum states and advancing topological 
device technology. The transitions between 
distinct topological phases, especially from 
two-dimensional (2D) to one-dimensional 
(1D) systems, remain largely unexplored and 
poorly understood. In this study, we 
synthesized germanene nanoribbons, which 
are 2D topological insulators [1], featuring 
zigzag terminations, large topological gaps 
(100-150 meV), and metallic edge states. 
These nanoribbons enable the packing of a 
dense array of parallel 1D topological edge 
states. By systematically varying the 
nanoribbon width, we monitored the 
evolution of their topological characteristics, 
pinpointing a transition to a 1D topological 
insulator phase below a critical width of 
about 2 nm. This transition is marked by the 
vanishing of the 1D edge states and the 
emergence of distinct zero-dimensional (0D) 
end states. We obtain theoretically and 
experimentally that the 0D topological 
behavior of (thin) Germanene nanoribbons is 
rich and complex. The topological phase 
depends in a non-monotonic way on ribbon 
width, spin-orbit coupling, staggered mass, 
and termination.  
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Figures 

 
 

Figure 1: (a) Large-scale STM image of 
germanene nanoribbons grown on the Ge3Pt 
substrate. (b) Detailed view of a germanene 
nanoribbon. (c) Close-up of the area marked 
by the red square in (b), highlighting the 
honeycomb lattice structure of germanene. 

 
Figure 2: LDOS calculations for a wide (a) and a 
narrow (b) nanoribbon showing a transition to 
0D end states. Experimental dI(V)/dV spectra 
comparing a wide (c) and narrow (d) 
nanoribbon, showing the vanishing of edge 
states and emergence of pronounced end 
states as the nanoribbon width decreases.  
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Single-molecule devices provide an ideal 
platform to study quantum transport for a 
new generation of electronic components, 
as molecular design enables the 
integration of electronic functions at the 
smallest level [1]. Charge transport can be 
tuned using electron-donating substituents, 
just like traditional semiconductors [2]. In 
this work, single-molecule devices based on 
compounds in Figure 1a, including either 
electron withdrawing or donating side 
groups into a tolane molecular structure, 
are fabricated and characterized using the 
STM-break junction technique at ambient 
conditions. Measuring the electrical 
conductance and the thermopower we 
find that the electron withdrawing side 
groups can be used to tune the energy 
levels of transport orbitals and create 
additional charge transport channels due 
to quantum interference effects for the 
enhancement of charge transport 
properties. 
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Figures 
 

 
 

Figure 1: (a) Schematic view of tolane 1 with 
either electron withdrawing 2 or donating 3 side 
groups, decorated with either –SAc a or –SMe b 
anchor groups. (b) Linear fit of all the 
temperature difference dependent 
thermovoltage values for all the compounds to 
obtain the themopower, combined for 
comparison. (c) 1D-conductance histograms of 
the HC (left) and LC (right) peaks as obtained 
from clustering, separated by anchoring group 
(top: -SAc, bottom: -SMe). Measurements have 
been normalized by peak height to make the 
peak position and shape directly comparable 
across the different molecules 
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Abstract  
 
Certified qubits are critical for reliable 
quantum error correction. A diagnostic test 
of the qubit dimension should be robust 
against nonideal quantum operations. We 
developed a dimension witness, a function 
of measurement probability matrix, which is 
zero up to statistical error if the tested system 
is of expected dimension. The witness is 
tailored to important cases:  simple 
parametric rotation [1]; single qubit and 
random operations [2,3]; single qubit and a 
sequence of identical gates [4]; single multi-
outcome measurement [5]; entangled 
qubits[6]. We applied of the test to various 
IBM Quantum qubits. Collecting large 
statistics, we conclude that most cases pass 
the test, which is robust against 
decoherence and incoherent leakage. 
However, some cases show failure, Figs. 1,2, 
with the nonzero witness beyond 5 
standard deviations. Our method is 
therefore a very accurate diagnostic tool 
to check the extra dimension, invisible for 
superficial benchmarking. The failures have 
no simple and consistent  causes and need 
urgent technical or fundamental 
explanations. 
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Figures 

 
Figure 1: Failure of the rotation test on IBM lagos 
qubit 0. The difference between probabilities for 
1 and 5 gates at the angle  θ is not zero [1] 

 
 

 
Figure 2: Failure of the parametric random 
operation test of the qubit dimension on IBM 
qubits (nairobi 0 and perth 0) [3], with the 
witness calculated from averaged probabilities 
(blue) and averaged over individual runs (red) 

 
Figure 3: Test of dimension of entangled qubits 
with n measurements at each party [6] 
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Abstract 
 
Si/SiGe based gate-defined spin qubits have 
been matured to such a degree over 
recent years that high density, high 
quantum dot count devices are 
technologically feasible. We recently 
demonstrated the capability of our 
Quantum Bus (QuBus) device [1] to initialize 
a register of 34 quantum dots (Fig. 1), with a 
per-dot filling of a single or no electrons at 
will (Fig. 2) [2]. All the while the entire 
“electron pattern” can be shifted along the 
register using conveyor-mode shuttling and 
electrons can be loaded and detected at 
the end of the shuttle [2, 3]. Despite more 
than 100 gate electrodes along the shuttle 
lane, only six control terminals are required. 
We demonstrated the shuttling of a single 
electron across the entire device back and 
forth (19 µm) with 99.8 % fidelity. In a related 
work [4], we show coherent separation and 
rejoining of an entangled spin-pair up to an 
accumulated shuttling distance of 3.36 µm 
using a similar QuBus device. 
In this talk, I will discuss our fabrication 
processes at the Helmholz-Nanofacility at 
Research Center Jülich. They enable, in 
general, a large gate-electrode count 
beyond the 200 gate mark and specifically 
a T-junction connecting shuttle device 
featuring three single electron transistors as 
proximate charge sensors. I will also 
elaborate on a pre-screening process we 
developed to validate our devices 

electrically at an intermediate temperature 
of 4 K. 
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Figures 
 

 
 

Figure 1: Scanning electron micrograph of the 
center section of a QuBus device. The width of 
the image covers approximately 4.3 µm. 
 
 

 
 

Figure 2: Fidelity analysis of the encoding of 
several “electron patterns” given by the 
quantum dot filling (either 0 or 1 at will). Each 
line represents one filling pattern for the full 
device containing 34 QDs. Adapted from [2]. 
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Superconducting circuits is one of the most 
popular platforms used for prospective 
quantum computers.  However, e.g. state-
of-the-art resonators still report losses at 
least one order of magnitude higher than 
predicted for pure bulk dielectric losses, 
which has been commonly attributed to 
Two-Level-Systems (TLS) of amorphous 
materials, such as native oxides.  
Indeed, despite having been studied for 
decades, materials-induced decoherence 
is still one of the major challenges to 
overcome. 
Most of the bibliography has focused so far 
on reducing TLS in terms of metal growth 
procedures, surface preparation methods, 
and other fabrication-related 
characterization [1].  We aim to tackle the 
issue by benchmarkable metal/substrate 

combinations, i.e. using the same 
fabrication procedures and resonator’s 

geometry, in order to make informed 
analyses of the substrate-related dielectric 
losses. It is aimed to fill the gap of current 
comparisons from meta-analysis [2], where 
differences in chip design and fabrication 
steps can limit comparisons validity. 
 
Here, I will present some of the recent 
results obtained for Aluminium 

Superconducting Resonators, which have 
been patterned on substrates such as 

Sapphire, Silicon, and Silicon Carbide. 
Transfer measurements as a function of 
applied microwave power and operating 
temperature are employed to extract the 

internal quality factor of each resonator, 
while a dedicated design, “tapered” 

resonators with equivalent coupling to feed 
line, is used for estimating the TLS surface 
density. 
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Figure 1: SC Al/Sapphire resonators designed 
with different surface participation ratios 

336

mailto:maria.benito@imb.cnm.csic.es
mailto:maria.benito@imb.cnm.csic.es
mailto:maria.benito@imb.cnm.csic.es
mailto:gemma.rius@csic.es


 

QUANTUMatter2024 
 

A study on the effect of ring exchange interaction in 
a two-leg Bose-Hubbard ladder 

 
 
Sourav Biswas1 
Enrique Rico Ortega1,2,3, and Tobias Grass1,2 
 
1 Donostia International PhysicsCenter, Donostia 
- San Sebastian, 20018, Spain. 
 
2 IKERBASQUE, Basque Foundation for Science, 
Plaza Euskadi 5, 48009 Bilbao, Spain. 
 
3 EHU Quantum Center, University of the Basque 
Country UPV/EHU, P.O. Box 644, 48080 Bilbao, 
Spain. 
 
sourav.biswas@dipc.org 
 
 
 
 
In this work, we study the effect of ring 
exchange interaction in a two-leg Bose-
Hubbard ladder using the DMRG (Density 
matrix renormalization group) technique. In 
realistic setups, a two-leg system is expected 
to be influenced by ring exchange [1, 2] 
mechanism apart from extended density-
density interaction. In this regard, one can 
think of a two-band system and investigate 
different phases of matter emerging due to 
such interactions. The significance of such 
exchange terms has been known for a while 
[1, 2, 3]. In light of recent experimental 
observation [4] of the bose-metal phase, the 
study of such exchange interaction has 
become crucial for gaining more 
understanding of interacting bosonic 
systems. 
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The detection of individual molecules and 
their dynamics has been a long-standing 
challenge in the field of nanotechnology. 
In this work, we present a method that 
utilizes a nitrogen vacancy (NV) center and 
a dangling bond (DB) on the diamond 
surface to measure the coupling between 
two electronic targets (L1 and L2) tagged 
on a macromolecule. To achieve this, we 
design a multi-tone dynamical decoupling 
sequence that leverages the strong 
interaction between the nitrogen vacancy 
center and the dangling bond. In addition, 
this sequence minimizes the impact of 
decoherence finally resulting in an 
increased signal-to-noise ratio. This proposal 
has the potential to open up new avenues 
for fundamental research and 
technological innovation in distinct areas 
such as biophysics and biochemistry. 
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Figures 

 
 
Figure 1: Illustration of the system. The dipolar 
coupling g between L1 and L2 is the target 
parameter of the protocol. 
 
 
 

 
 

Figure 2: Scheme of the multi-tone dynamical 
decoupling sequence, where each channel is 
associated to an element of the system (NV, DB 
and labels). The blue and red boxes represent 
the pulses to be delivered, the wider ones 
indicate π pulses while the others π/2 pulses, 
and the color encodes the axis of the pulse. To 
extract the dipolar coupling, the protocol 
needs to be applied for different values of t. 
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The Jaynes-Cummings model (JCM) is one of 

the most important models in quantum 
optics. It sketches out the interaction of a 

two-level system (qubit) with a single mode 
of the quantized electromagnetic field 
(cavity field) in the so-called rotating wave 

approximation (RWA) [1,2]. We present a 
exatly-solvable modification of the JCM, 

where both the qubit and the quantized field 
are driven by an external classical field: the 

driven JCM (DJCM) [3,4] (Figure 1), and show 
that the classical driving field can be used as 
a control for the qubit. Particularly, it is shown 

that, by properly adjusting the external 
classical driving field, it is possiible to finely 

manipulate the atomic transitions of the 
qubit (see Figure 2), as well as the quantum 

properties of the cavity field. This, in turn, is of 
interest in many active areas of research 
encompassing basic science as well as 

applied physics. To mention a few, we can list 
the theory of quantum information and 

quantum communications, quantum optics, 
quantum control, quantum computation, 
etc (see for instance [5,6]). 
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Figure 1: Schematic setup for the DJCM. 

 

 

 
 

Figure 2: Atomic inversion W(t) corresponding to 

the DJCM (up) and the JCM (down). 
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Abstract 
 
Josephson tunnel junctions exhibit a simple 
current-phase relation, characterized by 
single harmonics. Conversely, high-
transparency Josephson junctions feature 
multiple harmonics, with the specific 
harmonics depend on microscopic details 
of the junction, presenting a challenge for 
precise control. 
 
In this talk, I will illustrate that two Josephson 
tunnel junctions are connected in series, 
their energy-phase relationship is identical to 
a high-transparency Josephson junction 
(see Fig.1 (a)). 
Based on this, I will demonstrate that by 
connecting multiple arms in parallel and 
introducing a magnetic flux (see Fig.1(b)), 
we can systematically engineer specific 
current-phase relationships. 
 
As an example, I will showcase a 
superconducting diode implementation 
with a high efficiency, a two-terminal device 
that controls supercurrent flow in one 
direction differently from the other. 
The resulting superconducting diode 
efficiency is robust against the imperfections 
in the design parameters, making it 
practical for real-world implementations. 
Beyond superconducting diodes, I will also 
showcase various other energy-phase 
relationships to demonstrate the versatility of 
the approach. 

This technique can be useful for engineering 
sophisticated energy-phase landscapes for 
advanced quantum computing systems. 
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Figures 
 

 
 

Figure 1: a) Two Josephson tunnel junctions 
in series is equivalent to a high transparency 
Josephson junction. (b) The layout of the 
Josephson junction array with N arms 
connected in parallel. Magnetic field B points 
out of the plane of the Josephson junction 
array, giving rise to phase difference between 
arms. We denote the resulting EPR of the 
Josephson junction array as a two-terminal 
circuit element. 
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Semiconducting Josephson junctions have 
recently attracted attention due to the 
interesting physics they present as a 
combination of superconducting and 
semiconducting properties [1] and, 
particularly, for their suitability in Quantum 
Information [2, 3, 4]. The main role in this 
kind of devices is played by the Andreev 
bound states, which are fermionic modes 
created in the weak link as a consequence 
of electron-hole Andreev reflections at the 
semiconductor-superconductor interfaces. 
It has been experimentally proven that 
Andreev bound states in a single 
semiconductor Josephson junction can be 
coherently addressed and used to realize a 
quantum bit [5, 6, 7]. Such a result pushes 
towards the investigation of devices with 
two or more weak links hosting coupled 
Andreev bound states, the so-called 
Andreev molecules [8, 9]. 
In this talk, I present characterization 
measurements on a device in which a 
semiconducting nanowire hosting two 
junctions is coupled to a superconducting 
resonator in a rf-SQUID configuration. 
We control the chemical potential in the 
weak link and the superconducting phase 
across the nanowire via electrostatic gates 
and external magnetic field, respectively. 
We demonstrate strong coupling between 
the resonator and an Andreev bound state 
by single-tone and two-tone spectroscopy 
measurements. I conclude by presenting 
preliminary results towards independent 

control of individual Andreev bound states 
in a 2-junction device. 
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Thin insulating AlOx layers have become 

important parts of the devices like magnetic 

or superconducting tunnelling junctions,  

state of art transistors and radiation sensors. 

Widespread implementation of Aluminium 

Oxide AlOx is concerned with easy 

fabrication procedure that consists in 

exposure of metallic Al to oxygen 

atmosphere. Nevertheless, the oxidation in 

near ambient O2 conditions is known to be a 

self-limited process, which gives rise to the 
AlOx layers of  2nm and dispersion of the 

thicknesses of ~50% [1]. The lack of 

tuneability in this method motivates the 

usage of an oxygen-plasma atmosphere to 

induce the oxidation. Accelerated oxygen 

ions produced via electrical discharge or 

due to application of the radio-frequency 

electromagnetic fields were found to be 

capable of creating homogeneous AlOx 

layers of variable thicknesses despite the 

effect of granularity of the metallic Al films 

[2]. But using of oxygen plasma has the 

counter part of generating some 

stoichiometric problems along the process, 

like a presence of oxygen-rich layers, which 

can oxidize the upper electrode or 

provoking appearance of metastable two-

state systems, which is a source of noise in 

the radio-frequency circuits [3]. In this talk I 

will report on the alternative growth 

technique of the AlOx layers that consists in 

exposure of thin Al films to thermalized 

atomic oxygen atmosphere of 3-4 mbars. I 

will present the results of combined 

spectroscopic photoemission 

characterization of the continuous AlOx 

layers and transport measurements of Al-

AlOx-Al Josephson Junctions performed in 

a dilution refrigerator at a base T of 8mK. 

These data will demonstrate the 

advantages of using atomic oxygen in 

comparison to oxidation in molecular O2 or 

by means of the accelerated O ions.  
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Figure 1: Tunnel spectroscopy of a Al-AlOx-Al 

tunnel barrier at 8mK. 
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Abstract 

This article explores the polarization 
control and characterization of 
established experimental generation and 
characterization of polarization 
entangled photons using type-II 
spontaneous parametric down 
conversion (SPDC) with nonlinear 
optics[1]. The study investigates the use of 
different nonlinear optical crystals, such 
as BBO and ppKTP, to generate 
polarization-entangled single photon 
pairs at 810 nm.  

The focus of our work is the application of 
using SPDC photons in quantum networks 
with the entanglement source as a node 
optimized based on the mapped 
network's Fiedler vector, allowing for 
optimal distribution as quantum networks 
grow in complexity using continuous 
variable entanglement light sources 
based on ppKTP [2]. 

The Poincaré sphere is used to map the 
state from the entanglement source 
(Figure 1), and the Wigner function of the 
entangled photons is constructed (Figure 
2) from standard polarization measures. 
Quantum state tomography is employed 
to generate the Wigner function, 
providing phase-space representations of 
polarization-entangled states [2]. 

The experimental results demonstrate the 
potential of non-linear optical SPDC-
sourced polarization states of quantum 
entanglement distributed as a resource in 
fibered networks [3]. 

 
Figures 

 
Figure 1: Polarizations of the signal and Idler 
from an entanglement source mapped to 
the Poincaré sphere 

 

 
Figure 2: Wigner functions of the 
entanglement source in the initial basis vs 
the target Bell-state basis for measurement 
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Alzheimer's disease is a neurodegenerative 
brain disorder that mostly affects elderly 
people, causing important cognitive 
impairments [1]. The analysis of handwriting 
can be effective for diagnosing [2]. The 
DARWIN (Diagnosis AlzheimeR WIth 
haNdwriting) dataset contains handwriting 
samples from people affected by 
Alzheimer’s disease and a group of healthy 
people [3]. Here we use this dataset to test 
kernel methods for classification task and 
compare their performances with the ones 
obtained via quantum machine learning 
methods. We find that quantum and 
classical algorithms achieve similar 
performances and in some cases quantum 
methods perform even better. 
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Figure 1: Accuracies (in percentage) vs. 
splittings of the dataset in training and test set in 
classical and quantum SVC models. 

 

 
 
Figure 2: Accuracies (in percentage) of 6-qubits 
SVC as noise rate increases in the 
depolarizing, bit-flip and amplitude damping 
noise models. 
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Abstract

The increasing number of parameters in
machine learning models poses a
substantial bottleneck in their efficient
training, leading to a disproportionate
utilisation of resources, including energy
and computational time. We propose an
approach to tackle this problem in the
context of supervised machine learning,
based on the construction of purpose-built
computing machines that address this task.
We outline two solutions for this approach
based on classical circuits and another
based on quantum circuits.
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Figures

Figure 1: Classical circuit implementation for
training.

Figure 2: Quantum circuit implementation for
training (extracted from [2]).
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Nuclear Magnetic Resonance (NMR) 
spectroscopy is an important analytical tool 
commonly used in life sciences. Its 
advantages come from its nature to be a 
non-invasive method to detect molecular 
structure of biological samples required for 
applications in diagnostics and 
fundamental science. However, the limited 
magnetic sensitivity restricts its utility to 
study only macroscopic sample sizes on the 
order of few hundred μm3. Diamond has 
shown to be very promising candidate to 
overcome the current limitations of bulky 
NMR machines by using Nitrogen Vacancy 
(NV-) defects that are able to reach 
comparable sub-Hz spectral resolution 
while reaching nano1 and few micrometer2 
spatial resolution. However, diamond is an 
expensive material that is not compatible 
with standard CMOS fabrication which 
makes developing scalable and low-cost 
magnetometers difficult to achieve. On the 
other hand, Silicon Carbide (SiC) is a 
technology friendly material with large 
scale production of high-temperature 

electronics that host high quality defects 
useful for quantum sensing applications, like 
ones present in diamond. 
Here we discuss our results to detect a 900 
kHz radio-frequency field generated via a 
test coil. By utilizing the advantages of 
“Synchronized readout” technique2 we 
were able to reach a 10 Hz spectral 
resolution using ensemble of NV- centers in 
SiC3 while simultaneously achieving the 
record room temperature coherence time 
of 28.1 μs. These results pave a way of using 
SiC defects for future practical sensing 
applications. 
 
References 
 
[1] S. Schmitt et. al., “Submillihertz 

magnetic spectroscopy performed 
with a nanoscale quantum sensor”, 
Science, 356, 832-837, May 2017 

[2] D. R. Glenn et. al., “High-resolution 
magnetic resonance spectroscopy 
using a solid-state spin sensor”, Nature, 

555, 351-354, March 2018 
[3] Z. Jiang et. al, “Quantum sensing of 

radio-frequency signal with NV 
centers in SiC”, Science Advances, 9, 

20, May 2023 
 

Figures 

 
Figure 1: a) Measurement of AC signal with 
Synchronized readout technique. b) Recorded 
florescence in time domain and its c) Fourier 
Transform demonstrating a 900 kHz AC signal 
measured with 10 Hz spectral resolution 
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Abstract  
 
The myriad manifestations of topological crystalline phases (TCP), from anomalous higher-
order boundary states to obstructed atomic limits, are well understood. A comprehensive 
understanding of their stability to disorder however remains an open question. We classify 
such disordered phases (with order-two symmetries) with disorder that breaks the crystalline 
symmetry, while preserving it on average. We uncover novel disordered phases; statistical 
higher-order phases whose hinge states are subject to disorder-induced backscattering but 
remain protected from Anderson localization at zero-energy and a novel superconducting 
phase which concurrently host the aforementioned critical zero-energy hinge state along 
with a disorder stable chiral Majorana hinge mode. We also discover that obstructed atomic 
limits are stable to disorder if and only if they have a filling anomaly: An observation that 
results, in contrast to clean TCPs, in disordered TCPs satisfying a complete bulk-boundary 
correspondence. 
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In the conventional setting of quantum 
physics, any pair of events are strictly related 
by a fixed causal order. However, the 
seminal work by the authors in [1] extended 
the notion causality by considering 
quantum correlations without causal order. 
As a result, a broader class of processes can 
be described in the framework they 
developed. This has led to the discovery of 
indefinite causal order (ICO), where 
scenarios like event A happens in the causal 
past of event B and event B locates in the 
causal past of A becomes in superposition is 
allowed. Indefinite causal order is of great 
interest due to its potential to offering 
practical advantages besides foundational 
significance [2-5]. 
In this talk, we will explore the role of ICO in 
quantum thermodynamics, specifically 
focusing on the advancement of protocols 
for charging quantum batteries [6]. Based 
on quantum collision models, we construct 
an ICO charging protocol for quantum 
batteries. Contrary to the intuitive 
expectation that stronger interactions result 
in higher energy charging, we unveil a novel 
phenomenon of inverse interaction. This 
discovery leads to a reversal of this 
relationship, enhancing thermal efficiency 
at the same time. These findings mark the 
first evidence showcasing the unique 
influence of ICO on quantum dynamics, 
and we anticipate its continued significance 
in shaping the landscape of future quantum 
technologies. 
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Figure 1: Quantum battery charging with 
indefinite causal order: a quantum battery 
experiences a quantum superposition of 
charging dynamics in the two causal orders. 
 
 
 

 
 

Figure 2: Common intuition suggests that a 
more powerful charger results in a battery with 
a stronger charge. However, the discovery of 
an inverse interaction effect stemming from ICO 
introduces a remarkable reversal in this 
relationship. 
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Superconducting qubits with intrinsic noise 
protection offer a promising approach to 
improve the coherence of quantum infor-
mation. Crucial to such protected qubits is 
the encoding of the logical quantum states 
into wavefunctions with disjoint support. 
Such encoding can be achieved by a Jo-
sephson element with an unusual charge-
4e supercurrent emerging from the coher-
ent transfer of pairs of Cooper-pairs. We 
demonstrate the controlled conversion of a 
conventional charge-2e dominated super-
current to a charge-4e dominated one in a 
superconducting quantum interference 
device (SQUID) consisting of gate-tuneable 
planar Josephson junctions realized in a 
InAs two-dimensional electron gas proxim-
itized by a nearby superconducting Al film 
evaporated in-situ. We investigate the ac 
Josephson effect of the SQUID and meas-
ure a dominant photon emission at twice 
the fundamental Josephson frequency to-
gether with a doubling of the number of 
Shapiro steps, both consistent with the ap-
pearance of charge-4e supercurrent [1]. 
Our results present a step towards protect-
ed superconducting qubits based on su-
perconductor-semiconductor hybrid mate-
rials. 

 
Using the same material system, we also 
demonstrate that by tuning the higher 
harmonics of Josephson junctions allows to 
engineer the superconducting diode effect 
[2]. The Josephson Diode (JD) is a non-
reciprocal circuit element that supports a 
larger critical current in one direction than 
in the other. This effect has been gaining a 
growing interest because of promising ap-
plications in superconducting electronic 
circuits with low power consumption. The 
effect can only appear if time-reversal 
symmetry and inversion symmetry is broken 
together. In a DC-SQUID geometry the for-
mer is achieved by applying a phase bias 
induced by the flux in the loop and the lat-
ter by tuning the two junctions in an asym-
metric regime. While in earlier work the 
asymmetry was created through asymmet-
ric loop inductances, this is realized here by 
tuning the transparency of the two Joseph-
son junctions asymmetrically.  
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High impedance resonators, often 
fabricated by using a high kinetic 
inductance material, enhance the coupling 
of microwave photons to charges in 
semiconductor structures as desired for 
example in spin qubit research. In this study, 
we characterize quarter wavelength 
differentially driven coplanar stripline (CPS) 
resonators made of sputtered niobium 
titanium nitride (NbTiN). By varying 
geometrical and material parameters 
(width, gap distance, kinetic inductance), 
changes in the internal quality factor are 
observed. The CPS geometry is particularly 
well suited to be coupled to semiconductor 
nanostructures, whose gate-tunable 
properties influence the resonance 
frequency. This research continues by 
building a Josephson parametric amplifier 
using the nanowire-resonator structure. 

 
 

Figure 1:  
Coplanar stripling geometry and geometrical 
parameters under investigation (W, G)  

 
 

 
 

Figure 2:  
Measured losses by variation of the width (W) 
and gap (G) geometric parameters 
 
 
 

 
 

Figure 3:  
Etched nanowire (blue: Si - orange: Al -  yellow: 
InAs), to be used in a nanowire-resonator 
structure 
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The preparation of a given quantum state 
on a quantum computing register is a 
typically demanding operation, requiring a 
number of elementary gates that scales 
exponentially with the size of the problem. In 
view of performing quantum simulations of 
manybody models, this limitation might 
severely hinder the actual application of the 
noisy quantum processors that are currently 
available [1,2]. We present an original method 
to prepare a generic quantum state exploiting 
the concept of adiabatic thermalization [3]. In 
particular, we apply a procedure 
introduced in [4], and theoretically derive 
an exponential scaling law for the simulation 
error of the quantum state preparation as a 
function of the thermalization time.  Here, 
the characteristic time dependence of such 
error on the thermalization process is 
explicitly formulated. We then design a 
preconditioning term that modifies the 
adiabatic preparation, reducing its 
characteristic time and hence giving an 
exponential advantage. We perform 
extensive numerical experiments to test our 
mathematical result on typical spin-models, 
such as the one- and two-dimensional Ising 
and Heisenberg Hamiltonians, confirming 
that the exponential bound is indeed 
realized and observing an exponential 
advantage for the preconditioned 
adiabatic processes. Our results provide a 
promising strategy to perform quantum 
simulations of manybody models via Trotter 
evolution on near term quantum processors. 
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Figures 
 

 
 
Figure 1: Lattice structure for 2D XZ Heisenberg 
model with periodic boundary conditions. 
 
 

 
 

Figure 2: Dependence of the adiabatic 
thermalization error, plotted as a function of the 
thermalization time, for the ground state 
preparation of the 2D Heisenberg model with 
coupling constants JX = 5JZ. 
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Graphene holds significant promise for a
variety  of  applications.  In  particular,
graphene  photodetectors  have  been
shown  to  be  very  fast,  highly  sensitive,
and  consume  minimal  power,  making
them  extremely  promising  for  next-
generation optical communications [1].

Hot  electrons  –  electrons  whose
temperature  is  higher  than  the
surrounding lattice – play a fundamental
role  in  such  graphene photodetectors.  A
variety  of  theories  and  measurements
have  been  developed  and  conducted  to
understand  the  main  factors  controlling
the  dynamics  and  relaxation  of  hot
carriers  in  graphene,  but  fundamental
questions remain to be examined [2].

Here,  we  present  our  development  of  a
numerical simulation tool that can capture
the dynamics of hot carriers in graphene
with  arbitrary  lattice  vibrations,  defects,
and  disorder.  Our  methods  are  linear-
scaling, meaning we can simulate systems
with  millions of  atoms  –  this  permits  an
atomic  description  of  the  system  while
allowing  for  system  sizes  that  approach
the  experimental  scale.  Such  a  tool  will
allow for  a  deeper understanding of  hot
carrier  dynamics  in  graphene  and  other
2D materials, as well as reveal strategies
for the control of such dynamics, with an
eye  toward  future  applications  in
photodetection,  optical  communications,
and energy conversion.

We acknowledge funding from project
ECONWHET, PID2019-106684GB-I00,
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Figures

Figure 1. Schematic  of  the self-consistency
cycle for the atomistic simulation of coupled
charge and ion dynamics.

Figure  2. Top: absorption  efficiency  of  a
finite optical pulse in graphene, as a function
of  optical  power.  Colored  curves  are
simulation results and black symbols are from
experiments.  Bottom:  time  evolution  of  the
electronic  carrier  distribution  under  the
optical  pulse,  with  competing  vertical
absorption and thermalization effects.
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Abstract 

The interest in quantum technologies has 
grown dramatically in recent years. In 
particular, the attempt to achieve the 
supremacy of quantum simulators over 
the classical counterpart, is one of the 
most challenging tasks nowadays. In this 
context, understanding properly the 
features of open quantum systems could 
be the key to the development of 
increasingly large and powerful quantum 
computers. Several approximate 
approaches were developed in recent 
years to simulate the dynamics of open 
quantum systems [1], however the results 
obtained so far are generally limited to 
small size systems. Our novel approach is 
based on the time-dependent Variational 
Monte Carlo method, used in [2], but it 
exploits the so-called unravelling of the 
master equations to obtain a set of 
quantum trajectories evolving with 
Stochastic Schrödinger Equations (SSE). 
By finding the solution for several 
independent trajectories, we will then be 
able to reconstruct time-dependent 
observables equivalent to those coming 
from the master equations.
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Figures

Figure 1: Time-evolution of the total x-
magnetization for a 8-spin dissipative TFI 
model. Different variational ansatze (from the 
typical Jastrow wavefunction to the more 
sophisticated RBM) are proposed and 
compared to the exact solution.
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The key challenge in the noisy intermediate-scale quantum era is finding useful circuits
compatible with current device limitations. Variational quantum algorithms (VQAs) offer a
potential solution by fixing the circuit architecture and optimizing individual gate parameters
in an external loop. However, parameter optimization can become intractable, and the over-
all performance of the algorithm depends heavily on the initially chosen circuit architecture.
Several quantum architecture search (QAS) algorithms have been developed to design useful
circuit architectures automatically. In the case of parameter optimization alone, noise effects
have been observed to dramatically influence the performance of the optimizer and final out-
comes, which is a key line of study. However, the effects of noise on the architecture search,
which could be just as critical, are poorly understood. This work addresses this gap by in-
troducing a curriculum-based reinforcement learning QAS (CRLQAS) algorithm designed to
tackle challenges in realistic VQA deployment. The algorithm incorporates (i) a 3D architec-
ture encoding and restrictions on environment dynamics to explore the search space of possible
circuits efficiently, (ii) an episode halting scheme to steer the agent to find shorter circuits,
and (iii) a novel variant of simultaneous perturbation stochastic approximation as an optimizer
for faster convergence. To facilitate studies, we developed an optimized simulator for our algo-
rithm, significantly improving computational efficiency in simulating noisy quantum circuits by
employing the Pauli-transfer matrix formalism in the Pauli-Liouville basis. Numerical exper-
iments focusing on quantum chemistry tasks demonstrate that CRLQAS outperforms existing
QAS algorithms across several metrics in both noiseless and noisy environments.
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Propagating microwave photons in 
waveguides couple extremely well to 
superconducting qubits due to their large 
dipole moment and mediate long-range 
interactions between distant qubits causing 
the emergence of collective states due to 
interference effects [1]. Of particular interest 
are dark or subradiant states, which are 
protected from decoherence as they 
decouple from the waveguide environment 
and thus exhibit long lifetimes. This makes 
them promising candidates for photon 
storage, excitation transfer and photon-
photon gates [2]. 
However, the protection from decoherence 
comes with a caveat that the control of 
such states is challenging. Only recently, a 
global dark state formed by two transmon 
pairs, each exhibiting local dark and bright 
states, was probed experimentally by 
exciting the local dark states selectively 
through individual drive ports in a 
rectangular waveguide [3].  
To extend the system to larger arrays of 
transmon qubits [2,4], we are working on a 
planar implementation. 
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Figures 
 
a) 

 
b) 

 
Figure 1: Waveguide QED setups.  
a) 3D [3] and b) planar [2].  

 

 
Figure 2:  
Rabi oscillations of a dark state formed by a 
local transmon qubit pair as seen in Fig. 1a) 
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Quantum error-correcting codes, or simply 
quantum codes, are used to protect 
quantum information from corruption by 
noise (decoherence) on the quantum 
channel, much like classical error-correcting 
codes. The most common approach to 
constructing quantum codes is through the 
stabilizer formalism, which establishes a 
connection between certain dual-
containing additive codes and quantum 
(stabilizer) codes [1, 2]. 
 
One of the main challenges in designing 
quantum stabilizer codes is the dual-
containment (commuting) condition, which 
restricts the use of classical codes in 
constructing good quantum codes. In this 
talk, we first present a construction method 
for binary stabilizer quantum codes that 
allows the utilization of additive codes that 
are not dual-containing (equivalently, 
containing a non-commuting set of 
generators). 
 
Next, we focus on a family of classical codes 
called additive twisted codes for 
constructing binary quantum codes. We 
establish a stronger connection between 
twisted codes and linear cyclic codes, 
enabling us to derive novel minimum 
distance lower and upper bounds for 
twisted codes and identify new similarities 
between twisted codes and linear cyclic 
codes. In particular, we prove that the 
Hartmann-Tzeng bound holds for twisted 
codes. 
 
Finally, we present five infinite families of 
record-breaking and sometimes optimal 
binary quantum codes that can be 

constructed from twisted codes using these 
bounds. To determine whether a quantum 
code is record-breaking and/or optimal, we 
refer to the tables maintained by Markus 
Grassl [3]. A more detailed explanation of 
the material covered in this talk can be 
found in [4, Chapter 3].  
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Quantum computers promise an 
advantage over classical computers for 
certain tasks, which may provide 
groundbreaking computation capabilities of 
use for several research fields. Unfortunately, 
quantum decoherence prevents us from 
reaching their full potential. Qubits, which 
are the most fundamental constituents of 
quantum processors, tend to interact in non-
trivial ways that we cannot predict nor 
control, thus there is a pressing necessity for 
correcting the non-desired errors qubits may 
experience because of their interaction with 
the environment. The field within quantum 
computing which aims to tackle this 
unfortunate phenomenon is named 
quantum error correction [1]. Quantum error 
correcting codes consist in protecting the 
information of a number of clean (logical) 
qubits by means a much larger set of noisy 
qubits, referred as physical qubits. If a 
number of the constituent qubits undergoes 
a non-trivial Pauli error, we receive partial 
information of it through a vector commonly 
named as syndrome. The algorithm that 
receives a syndrome as input and returns an 
estimate of the error is named the decoder, 
and it is of pivotal importance in quantum 
error correction [1,2]. 
 
The decoder of choice for general quantum 
error correcting codes (QLDPC) is the belief 
propagation order statistics decoder 
(BPOSD) [3], an algorithm with good 
accuracy but too slow. Real-time decoding 
in superconducting quantum processors 
would require decoding algorithms to be 
executed in an order of microseconds. 
Achieving a decoder that is fast at enough 

accuracy is necessary if we want to reach 
quantum fault-tolerance. 
Given the introduced context, we propose 
a new decoder named the closed-branch 
decoder [4] which scales as O(n*m), where 
n is the number of qubits within the code 
and m is a tuneable parameter. Its 
accuracy is good enough requiring much 
less complexity than BPOSD. In the 
presentation, I will cover the structure and 
intricacies of this new decoder. 
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Figure 1: Surface code, a type of quantum error 
correcting code. 
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Single Ion Magnets (SIM) are appealing for 
theoretical research given their simple Hamiltonian. 
A very promising family of SIM involves lanthanide 
atoms encapsulated by polyoxometalates (POMs), 
which represent a class of mononuclear lanthanoid 
complexes known for their intriguing single-
molecule magnetic properties[1]. In this study, we 
investigated the Hamiltonian characteristics of two 
specific POMs, GdW10 and GdW30 [2], and examined 
the underlying physical phenomena governing their 
energy transitions. Our analysis aimed to provide 
accurate predictions and enhance the theoretical-
experimental consistency in the understanding of 
these systems. Our final goal is to combine 
lanthanide SIM with superconducting and magnonic 
circuits for quantum computing and sensing 
applications. 
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Figure 1: Plot of the theoretical energy levels 
transition on the experimental measure. 
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Tremendous research effort, both on the 
experimental and theoretical sides, is being 
invested by the scientific community to 
understand the underlying physics of high-TC 
superconductors in the hope of using that 
knowledge to design and produce them at 
ambient conditions. We demonstrate here 
the dramatic effect of non-uniform, discrete 
electric polarizability in high-TC 
superconductors on the spatial fluctuations 
of the short to medium range Coulomb 
interactions through a real-space 
semiclassical model. Although this is a 
general property, we focus on the cuprates 
as parent compounds, in which the charge 
carriers are primarily concentrated on the O 
sublattice. The anisotropic effective Cu-O 
bond polarization caused by charge 
transfer energy modulation and the O2- 
atomic polarizability together generate a 
non-monotonic screened hole-hole 
Coulomb interaction at short distances that 
displays a local minimum at the in-plane 
second nearest neighbor O-O distance 
solely along the Cu-O bond direction. This is 
in accordance with the pseudogap phase 
anisotropy [1] and the short coherence 
length [2] observed in many high-TC 
superconductors. 
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Figures 

 
Figure 1: Diagram of the polarization effects 
induced by a doped hole on an O site of a 
CuO2 cluster. The two regions in which placing a 
second hole results in distinct interaction 
behaviour are highlighted.  
 
 
 

Figure 2: Screened Coulomb interaction V’ 
between two holes hosted by oxygen ions in a 
cuprate plane for different Cu-O charge 
transfer energies (∆0 = 6.00 eV).  
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Quantum computing is growing a lot in 
recent years as it is expected to be able to 
solve problems for which classical 
computing needs too much time or is not 
able to solve.  
However, this technology is energy-intensive, 
so if we want to use it to solve highly 
complex problems, it is essential to 
implement energy-efficient solutions. This 
preliminary study examines correlations 
between energy consumption and the 
success rate of quantum circuits with 
respect to some static measures of quantum 
code. Moreover, we have studied the 
correlation for 4 IBM quantum computers. 
The measures used, proposed by [1] are: 
M2.2: Lines of Code, M3.3; Number of 
operations, M3.5: Percentage of operations 
that increase the cyclomatic complexity, 
HM1.1: Number of used qubits and HM6.1: 
Quantum cyclomatic complexity; that have 
been applied to five algorithms. 
The energy consumption and success rate 
are taken from a previous study developed 
by the authors [2]. 
The results (Figures 1 and 2) indicate that 
there exist significant moderate to high 
correlations between the energy 
consumption and the total number of 
operations, the number of qubits used and 
the quantum cyclomatic complexity of the 
algorithm. We can also observe that there 
are negative high correlations between the 
success rate and the number of lines of 

code, operations and qubits employed. 
These findings underscore the importance of 
efficiently managing complexity and size to 
decrease the energy consumption of 
quantum circuits. 
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Energy consumption
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Figure 1: Energy consumption correlations to the 
static measures for all quantum algorithms. 
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Figure 2: Success rate correlations to the static 
measures for all quantum algorithms. 
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Quantum metrology involves estimating 
unknown parameters in quantum systems, 
utilizing techniques like entanglement and 
squeezing to surpass classical measurement 
limits [1, 2]. Classical protocols for 
parameter estimation with N probes are 
restricted by the shot-noise limit of 1/√N, but 
quantum protocols can achieve the 
Heisenberg limit of 1/N, enhancing 
estimation sensitivity. Such quantum-
enhanced sensitivity finds application in 
fields ranging from gravitational wave 
detection [3] to quantum imaging and 
quantum frequency standards [4]. Photonic 
quantum metrology is based on using an 
interferometric setup with non-classical light 
state as the input. Numerous studies have 
explored the advantages of certain 
entangled states of light such as the NOON 
state [5] and entangled coherent state [6]. 
However, their experimental realisations 
through various strategies remain a 
problem in terms of scalability. 
 
Our work introduces entangled generalised 
coherent state (EGCS) and its potential for 
photonic quantum metrology.  
We have theoretically shown that such 
states achieve the Heisenberg limit for 
phase sensitivity, and under certain 
conditions, even surpass that limit. This 
proves it to be more advantageous 
compared to the NOON and entangled 
coherent states, even at smaller mean 
photon numbers. We further propose a 

simple scheme to experimentally generate 
these entangled generalised coherent 
states with current technology [7].  
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used to analyse the phase sensitivity in photonic 
quantum metrology schemes 
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Using photonic cavities to control properties 
of the materials is a novel research direction 
of condensed matter physics. Topological 
materials play particularly important role in 
this direction due to their robustness and 
their possible application in quantum 
technologies. Among topological materials, 
topological superconductors hosting zero- 
energy Majorana bound states hold a 
specially interesting place for their potential 
of being used as building blocks for a fault- 
tolerant topological quantum computer. 
The prototype system for topological 
superconductivity is the Kitaev chain model 
describing a one-dimensional p-wave 
superconductor with Majorana bound 
states emerging at its opposite ends, while 
semiconducting-superconducting nanowire 
is one of the most promising platforms for 
implementing Majorana bound states in the 
lab. However, their observation caused 
much controversy since one of their key 
signatures − the zero-bias peaks in 
differential conductance measurements − 
can be attributed to non-Majorana physics. 
Previous theoretical works conducted in the 
weak light-matter coupling regime have 
explored the idea of using cavities to probe 
Majorana bound states. However, in these 
works the cavity played a role of non- 
invasive spectroscopic tool to probe the 
signatures of these modes. A different 
scenario arises in the strong or ultrastrong 
light-matter coupling regime where 
electronic and photonic degrees of 
freedom hybridize resulting in formation of 

polaritons, which in the case of a 
topological superconductor could take the 
form of the Majorana polaritons. In [1], we 
study a topological superconductor that 
hosts Majorana bound states strongly 
coupled to cavity photons. We consider two 
models for topological behaviour: a Kitaev 
chain and semiconducting - 
superconducting nanowire. We find that the 
cavity photonic spectral function (Figure 1) 
directly related to polariton spectrum of the 
hybrid system depends on the parity of the 
Majorana bound states in the topological 
phase. Moreover, we demonstrate that the 
peaks in cavity spectral function appear at 
different energy scales for the electronic 
chain in the trivial and topological phases. 
Therefore, cavity spectral function could be 
used to probe Majorana bound states in 
topological superconductors. 
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Figure 1:  Cavity spectral function of the 
nanowire as a function of the light-matter 
coupling and frequency. 
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Self-testing  is  a  promising  theoretical
approach  to  certifying,  e.g.,  specific
quantum  states  and  measurements.
Originally,  it  relied  solely  on  the  output
statistics of the measurements involved in
a device-independent setup. We turn to a
semi-device-independent  setup  by
considering  a  prepare-and-measure
scenario for qubit messages.

We  construct  linear  witnesses  W (i.e.,
linear  functionals  on  the  outcome
statistics  of  the  measurements)  for
performing self-tests  in  possibly  minimal
setups  within  this  scenario.  In  a  setup
involving  four  (three)  preparations  and
three  (two)  projective  measurements  in
addition to the target, we exemplify how
to  self-test  any  four-  (three-)  outcome
extremal  positive  operator-valued
measure.  We also achieve self-testing of
any  number  of  pure  state  preparations
with  the  help  of  three  projective
measurements at most.

However,  self-testing  is  a  purely
theoretical tool, since it requires reaching
the theoretical quantum maximum WC

2 of
the witness by the outcome statistics.  A
relaxation is  to  certify  only  a  single  but
well-defined property of the preparations
or the relevant measurement.

In this spirit, we provide a means to certify
that a set of four prepared states spans a
complex  qubit  Hilbert  space.  For  this
purpose,  we  introduce  a  specific
configuration of four complex qubit states,
which  we  call  umbrella-like  and  which
depends on a real parameter c∈[0,3), and

design a linear witness for self-testing this
set in a minimal setup.

We then determine, for any given  c, the
maximum  value  WR

2 attainable  by
evaluating the so-defined witness for any
configuration  of  four  real  qubit
preparations. Then should we perform an
experiment and evaluate the witness (for
a c value of our choice) to exceed WR

2, the
complex  nature  of  the  Hilbert  space
spanned  by  the  actual  preparations
becomes  certified.  We  expect  such  a
certification  scheme  to  be  useful  for
preparations  that  are  intended  to
implement the  set of  states  targeted by
the design of  the witness but  which are
subject to experimental noise.

To illustrate the idea experimentally,  we
implemented  prepare-and-measure
scenarios  for  self-testing  umbrella-like
configurations  as  quantum  circuits  on
publicly available quantum processors of
IBM  and  IonQ.  Experimental  witness
values exceeded WR

2 for most values of c
(Fig. 1.). Thereby, we successfully certified
the existence of a complex qubit Hilbert
space in our experiments.

Figures

Figure 1: The witness W designed to self-test
umbrella-like configurations, as a function of
the  umbrella  parameter  c.  The  maximum
values  attainable  using  classical  strategies
(Wclass), real qubits (WR

2), and complex qubits
(WC

2) are presented. The best experimentally
measured  values  are  also  displayed  for
specific values of c.
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Quantum communication lines have many 
different applications such as Quantum Key 
Distribution [1], Cloud Quantum Computing 
[2] or Telescope baseline extension. For their 
practical implementation, quantum 
repeaters are required, the operation of 
which is based on the effect of spin-photon 
entanglement [3]. Among the many 
platforms for the implementation of 
quantum repeaters, NV centers have 
proven themselves very well - this is due to 
their outstanding coherent properties, along 
with high state readout efficiency [4]. 
Moreover, the available adjacent nuclear 
spins could serve as memory qubits, 
expanding possible applications. 
We demonstrated quantum repeater link, 
which is the building block for quantum 
network. In the current work, we implement 
an experimentally robust "spin-photon time 
bin" type of entanglement [5], 
demonstrating high fidelities (around 90%) of 
the entangled state and discussing the 
problems limiting it. To estimate the Fidelity 
of entangled state, we performed 
measurements in different bases. To control 
the phase of the photonic qubit, we used 
an unbalanced Mach-Zehnder 
interferometer, which allows us to replace 
temporal modes with spatial ones, and then 
adding a phase is straightforward. It is worth 
noting here, that spectral diffusion becomes 

a big problem with this change of basis, 
however, a quick control using FPGA allows 
this effect to be reduced. 
We also discuss possible solutions for 
increasing the rate of entanglement 
generation (directing the light to the desired 
branch of the interferometer) and fidelity 
value, as long as the ideas of two-node 
realization. 
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Graphene nanoribbons (GNRs) have
emerged as promising platforms for
π-magnetism [1], with recent findings
revealing the presence of uncompensated
spin-polarized states at ribbon edges or
interiors due to non-conventional band
topology effects. Additionally,
advancements in bottom-up growth
techniques have enabled the synthesis of
GNRs directly on surfaces [2], further
enhancing their potential for applications in
spintronics and quantum computing.

Here, we investigate the induction of
spin polarization in topologically trivial,
densely 2B-doped 7AGNRs [3,4] when
detached from a metal support. Utilizing a
combination of density functional theory
(DFT) [5], mean-field Hubbard calculations
and topological band theory, as well as
low-temperature scanning tunneling
microscopy (STM) transport experiments
and simulations [6] on borylated GNRs, we
demonstrate and study the presence of a
Kondo resonance for specific tip-substrate
distances while slowly lifting a 2B-7AGNR

from an Au(111) substrate using the tip of
an STM. Additionally, we observe the
emergence of a low-energy electronic
state (Fig. 1) at the terminal of an
asymmetric 2B-7AGNR, with an additional
anthracene unit on one end. Due to
asymmetry, a topological classification
based on the bulk-boundary
correspondence isn’t possible for this
structure. However, our theoretical analysis
of the electronic structure underscores the
potential for substrate-mediated charge
transfer effects and hopping processes,
enabling the emergence of topological
edge states. This discovery provides a
compelling basis for exploring complex spin
physics and exotic quantum phases in
low-dimensional organic materials.
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Figures

Figure 1: constant-height STM image of the
edge state of a densely 2B-doped 7AGNR
(Vb = 5 mV).
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Nanographene can exhibit radical states due to sublattice imbalance or nontrivial topo-
logical phases. On-surface synthesis (OSS) enables growth of such structures with 
atomic precision, whose electronic structure and magnetism can then be probed by 
scanning tunnelling spectroscopy.  The magnetism of the topological end states in chiral 
graphene nanoribbons (chGNRs) however remains unobserved, as electron transfer of 
two electrons to or from the substrate readily occurs for small mismatches in electron 
affinity, quenching magnetism [1]. 
When alloyed with rare-earth metals [2], gold still catalyses OSS, while exhibiting a much 
lower work function [3]. We show here that defect-free (3,2,8)-chGNRs can be synthe-
sized on the ferromagnetic GdAu2 intermetallic surface, and do not undergo charge 
transfer. We furthermore observe that the occupancy of the two topological end states, 
as well as their total spin multiplicity, can be switched reversibly from a doublet to a sin-
glet, and then to a triplet configuration by lateral manipulation. The prominent spin-flip 
excitation is interpreted as a Kondo-screened π-radical state acted upon by the highly 
site-dependent [4] exchange bias.  
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Abstract

This project introduces the development of
a robust quantum artificial intelligence
module [1,2], implemented as an extension
of the open-source QuantumSolver
quantum library [3]. The module enables
the application of various quantum
supervised learning models [4] to any
classical dataset. Users are provided with a
curated selection of pre-defined models
and datasets, along with an intuitive tutorial
for seamless integration into the platform.
Established configurations are aggregated
for default operations, while also allowing
users the flexibility to adjust different
parameters, providing a comprehensive
research toolkit. Thus, the main
implementation details, as well as the
designed representations of the results and
the conclusions drawn from the study
conducted on the included models, are
elaborated upon. Furthermore, special
emphasis is placed on the generated
graphics by the tool itself (Fig. 1).
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Figure 1: Password Strength dataset
representation generated by QuantumSolver AI
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The breaking of inversion and time-reversal 
symmetries is the basis behind nonreciprocal 
charge transport, making the electrical 
resistance dependent on the relative 
orientation between charge current and 
magnetic field [1]. In the past years, two-
dimensional (2D) superconductors have 
emerged as an excellent platform for 
exploring this nonreciprocity [2, 3]. Near the 
superconducting state, the nonreciprocal 
signals are substantially enhanced, and the 
nonreciprocal transport appears due to the 
chirality of the supercurrent or of the Cooper 
pairs. Recently, this nonreciprocal transport 
has also been observed in the 
centrosymmetric CsV3Sb5 [4], where it was 
proposed that the nonreciprocity arises due 
to the symmetry breaking of an 
unconventional superconducting order 
parameter.  
Here, we investigate the nonreciprocal 
transport of ZrTe3, a centrosymmetric van 
der Waals material which displays a charge-
density wave phase and superconductivity. 
We mechanically exfoliate ZrTe3 into 
nanowires that become superconducting at 
~3.5 K, and perform second harmonic 

resistance measurements close to its critical 
temperature. The second harmonic 
magnetoresistance is made up of several 
antisymmetric peaks with respect to the 
magnetic field. The magnitude and sign of 
the peaks are controlled by the applied 
current, which is indicative of a tuneable 
rectification effect. Moreover, a previously 
unexplored symmetric component that 
persists at zero magnetic field is also 
detected in the second harmonic 
magnetoresistance. This nonreciprocal 
transport is observed with an out of plane 
magnetic field as well as with in-plane 
magnetic fields, both perpendicular and 
parallel to the current. These results 
demonstrate that even without inversion 
symmetry breaking, a wide range of 
nonreciprocal effects are present in 2D 
superconductors, paving the way for 
potential applications in photodetectors, 
antennas, and rectifier devices [5].  
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Quantum algorithms are prominent in the 
pursuit of achieving quantum advantage in 
various computational tasks. However, 
addressing challenges such as limited qubit 
coherence and high error rate in near-term 
devices requires extensive efforts. In this 
paper, we present a significant 
advancement in quantum chemistry [1] by 
integrating shortcuts to adiabaticity 
techniques into adiabatic and variational 
algorithms for calculating molecular 
ground state properties. Our approach 
includes a counterdiabatic [2] term that 
accelerates adiabatic evolution, reducing 
Trotter errors and enabling faster 
computations. Additionally, we introduce 
the counterdiabatic term as the adiabatic 
gauge ansatz for variational quantum 
eigensolver, the Adiabatic Gauge Ansatz 
(AGA) and the Reduced-AGA, which 
exhibits favourable convergence properties 
with a fewer number of parameters, 
thereby reducing the number of qubits and 
circuit depth. Our approach achieves 
comparable accuracy to the established 
ansatz, while advancing practical 
applications in material science, drug 
discovery, and molecular simulations. 
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Figures 
 

 
Figure 1: Adiabatic ground state energy 
deviation in LiH-(a) and BeH2-(b) molecules with 
(right) and without (left) counterdiabatic 
assistance w.r.t the time steps Dt and the 
number of steps N. 
 
 

 
 

Figure 2:  VQE ansatzes comparation for LiH 
(left) and BeH2 (right) energy ground state 
simulation. (c)-(d) figures represents the 
discrepancy among the simulated energy and 
the exact for the different ansatzes. 
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Strong spin-orbit coupling, and low crystal 
symmetry are key ingredients for the search 
of non-conventional superconducting 
systems [1,2]. The recent discovery of 
superconductivity at the (111) surface of 
KTaO3 sparked a renewed interest in the 
investigation of interfacial 
superconductivity in oxides. The surface of 
KTaO3(111) has been shown to host non-
coplanar spin textures and strong spin-orbit 
coupling [4,5], crucial factors to attain non-
standard superconducting states or 
nontrivial band topology[1-3]. 
Although early observations yield a 
promising outlook for this material platform 
[4-7], the thermodynamics of the 
superconducting state of KTaO3 (111) 
remains undetermined. 
We study the increase in conductivity 
above the transition temperature in 
superconducting field effect devices at the 
surface of KTaO3(111). The conductivity’s 
enhancement in these devices is 
considerably underestimated by the 
standard Aslamazov-Larkin contribution. 
The discrepancy is resolved by considering 
a comprehensive model including other 
fluctuation mechanisms such as the phase 
coherent Maki-Thompson (MT) correction. 
The theoretical model accounts also for 
dynamical and short-wavelength 
fluctuations, which makes it applicable 
over a broad range of temperatures. 
This analysis allows to capture an 
enhancement in conductivity that extends 
up to 4 times the critical temperature and 

highlight MT corrections as the leading 
contribution to the conductivity’s 
enhancement. 
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Figures 
Figure 1: Top panel: electrostatically tunable 
superconducting transition with overlaid fits. 
Bottom panel: separate contributions at fixed 
gate voltage (170V) shows MT contributions 
dominating over the entire temperature range.
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Graphene  nanoribbons  (GNRs)  are
emerging  as  versatile  platforms  for
quantum technology,  leveraging  tunable
electronic and π-magnetic properties [1].
The  minimal  spin-orbit  and  hyperfine
interactions inherent in graphene position
GNRs as prime candidates for developing
sophisticated  functionalities,  including
spin  filters,  spin  qubits,  and  electron
quantum optics setups.

In  our  theoretical  exploration,  we
examine  electronic  transport  within
devices  composed  of  crossed  zigzag
GNRs,  applying  the  mean-field  Hubbard
model  alongside  Green's  function
techniques  under  open  boundary
conditions. By orienting one ribbon across
another at approximately a 60º angle, we
find that  electron  waves,  upon injection
from  an  electrode,  are  split  at  the
junction  into  two  of  the  three  outgoing
ports.  Importantly,  with  edge  spin
polarization  taken  into  account,  our
findings suggest that such arrangements
can  serve  as  efficient  spin-polarizing
beam splitters [2]. We extend our study
to  Mach-Zehnder-like  interferometers
utilizing  zigzag  GNR  arrays  to  study
quantum interfererence [3], underpinning
the  versatility  and  potential  of  GNRs  in
constructing complex quantum devices.
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Figures

Figure 1: A spin-polarizing beam splitter with
two  crossed  GNRs  [2].  (a) Spin  density
configuration in a device composed of two AB-
stacked  8-ZGNRs.  (b) Spin-resolved
scattering  state  of  electrons  incoming  from
the left in the conduction band (E-EF=0.5 eV).
(c) Sketch of incoming/outgoing waves at the
intersection  with  the  corresponding  spin-
resolved transmission probabilities indicated.
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At the intersection of two promising 
technologies, machine learning (ML) and 
quantum computing (QC), Quantum 
Machine Learning (QML) emerges. 
However, while QC is still in an early stage of 
development, QML is even more so. In this 
study, the Auto-MPG dataset [1] has been 
used to examine the state of the art of QML 
models in regression problems [2]. To this 
end, a preliminary analysis was conducted 
using a classical model as a reference point 
for subsequent evaluation. The XGBoost 
algorithm has proven to be a powerful ML 
algorithm that can be used for this task 
obtaining un R2 of 0.874 in the training 
phase and a 0.872 in the 20% of the data 
reserved for validation. Also, XGBoost can 
measure the contribution of each variable, 
which can be key when it comes to 
reducing the problem's dimensionality in the 
quantum approach. After that, the 
quantum experimentation was carried out in 
two phases. First, the model was trained in a 
perfect simulator of Pennylane to determine 
the best hyperparameters of the model. The 
best result achieved an R2 of 0.860 for the 
training and 0.896 for the testing. Then, the 
best model was run against a simulator that 
include the noisy model extracted from the 
IBM Brisbane device using different error 
mitigation techniques. Among all of them, 
Zero Noise Extrapolation technique [3] was 
chosen as it yielded the most suitable results 
according to the selected simulator. To 

conclude, the QML model outperformed 
classical methods, demonstrating 
robustness with minimal R2 reduction in the 
noisy simulator (by 0.001) during training 
and achieving consistent test performance 
using error mitigation. 
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Figures 

 
Figure 1: Study of the effect of different types of 
noise in the performance of the model  
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Figure 2: Comparison of predicted values and 
original values in train and test sets obtained by 
a noisy quantum circuit with the best error 
mitigation strategy.  
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An  important  and  widely  used  tool  in
quantum metrology is the spin squeezing
parameter.  Its  development  was  mainly
motivated  by  two  applications:  the
improvement of precision measurements
beyond the classical limit and the study of
particle  correlations  and  entanglement
[1].  In  quantum  metrology,  the  spin
squeezing  parameter  determines  the
sensitivity that can be achieved through
the  measurement  of  a  fixed,  possibly
suboptimal  observable.  It  therefore
determines  a  lower  bound  on  the
quantum  Fisher  information,  which
expresses  the  maximal  sensitivity
achievable with an optimal observable.

However, these sensitivities can only be
achieved  for  an  asymptotically  large
number  of  measurements.  Since  these
are  a  limited  resource,  it  is  crucial  to
explore precision bounds in the low data
regime.  Guided  by  the  recently  derived
hierarchy  of  quantum metrology bounds
[2],  we  investigate  approximations  to
generalized  quantum  information
functions  beyond  the  Fisher  information
that are of relevance in the presence of
low  data.  We  present  a  family  of
generalized  bounds  that  includes  the
relation between standard spin squeezing
and  Fisher  information  as  a  particular
case.

Our  generalized  spin  squeezing  type  of
bounds  are  analytically  derived  from
averages  and  variances  of  arbitrary
measurement observables. We study the
families  of  quantum  bounds  that  may
involve  higher-order  derivatives

(Bhattacharyya) and others that avoid the
use of differentials altogether (Barankin),
as well as combinations of both of them
(Hybrid). 

We derive analytical  expressions for the
bounds  and  for  the  coefficients  that
optimize  them.  For  a  single  qubit,  the
derived  generalized  bounds  show
saturation (see Fig. 1). 
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Figures

Figure 1: Comparison of the generalized spin
squeezing bounds and the generalized 
quantum information functions that include 
the Fisher information as a special case. All 
three families saturate the bound for all 
values of the single free parameter λ. The 
Bhattacharyya type of bound coincides with 
the quantum Cramér-Rao bound for all λ, 
while the other bounds recover it as λ→ 0.
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Digital-analog quantum computing is a 
computational paradigm which employs an 
analog Hamiltonian resource together with 
single-qubit gates to reach universality [1]. 
This protocol benefits from the natural 
interaction Hamiltonian of quantum systems, 
as instead of trying to eliminate it enables us 
to use it as a resource. Additionally, it has 
been shown that this paradigm has inherent 
error mitigation capabilities [2]. Since it only 
requires the application of single qubit 
gates, it avoids the use of the noisier two 
qubit gates, providing a promising way of 
implementing algorithms in the NISQ era. 
 
Regarding its applicability, it has already 
been shown useful for implementing 
ubiquitous quantum algorithms and solving 
various problems. Among them, the 
quantum Fourier Transform [3], the algorithm 
for solving a linear system of equations (HHL) 
[4] or a simulation of fermionic systems [5]. 
 
In this talk, we will focus on the theoretical 
background of this paradigm, providing 
tools for extending it to a large set of 
problems and systems. In our last work [6], 
we designed a new scheme which employs 
an arbitrary two-body source Hamiltonian, 
extending the experimental applicability of 
this computational paradigm to most 
quantum platforms. We showed that the 
simulation of an arbitrary two-body target 
Hamiltonian of n qubits requires O(n2) 
analog blocks with guaranteed positive 
times, providing a polynomial advantage 
compared to the previous scheme 

(Figure_1). Additionally, we proposed a 
classical strategy which combines a 
Bayesian optimization with a gradient 
descent method, improving the 
performance by ~55% for small systems 
measured in the Frobenius norm. 
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Figure 

 
Figure 1: Example of a digital-Analog schedule 
for an arbitrary two body Hamiltonians 
composed of pairs of single qubit gates.  

375



 

QUANTUMatter2024 
 

Experimental study of GdW10 and GdW30 molecular 
magnets 

 
David García-Pons 
Xavier del Arco Fargas, J. Pérez-Bailón, F. Luis, D. 
Zueco, M.J. Martínez-Pérez 
 
Instituto de Nanociencia y Materiales de 
Aragón (CSIC-Universidad de Zaragoza), 
Zaragoza, España 
 
dgpons@unizar.es 
 
 
 
Single-molecule magnets such as GdW10 
and GdW30 are promising spin qubit 
candidates [1].  
Here we explore experimentally the field 
dependent transitions in these materials via 
VNA-FMR experiments [2,3] at different 
temperatures and compare our result to 
theoretical predictions based on the 
Hamiltonian of the crystal. These 
experiments allow us to develop a 
technique to interact with these molecules, 
aiming to integrate them in hybrid quantum 
systems through their interactions with 
superconducting microwave cavities or 
magnons. 
 
 
 
References 
 
[1] M.J. Martínez-Pérez et al., Phys Rev 

Lett, (2012) 108(24):247213 
[2] I. Gimeno et al., ACS Nano, 14, 

7(2020) 8707-8715 
[3] S. Martinez-Losa del Rincon et al., 

Phys. Rev. Applied, 19, 014002 (2023) 
 
 
 
 
 
 
 
 
 
 
 

Figures 
 

 
 

Figure 1: FMR spectrum measured for one 
GdW10 crystal at 60mK. The first few allowed 
level transitions are easily distinguished around 
20-27GHz. 
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In the realm of materials science, the 
advent of advanced computational 
resources has set the stage for two pivotal 
ambitions: unravelling the intricate 
properties of materials and pioneering the 
discovery of novel ones [1]. Among the 
myriad of materials, 2D materials stand at 
the forefront, captivating interest for their 
versatile applications. This fascination has 
culminated in the creation of 
comprehensive databases, cataloguing 
their properties as predicted by Density 
Functional Theory (DFT) [2]. These databases 
are the product of sophisticated high-
throughput frameworks designed to 
streamline and automate computational 
processes. However, the quest for precision 
necessitates meticulous attention to ensure 
that the computational results are not just 
extensive but also converged and reliable. 
Despite the progress, there remains ample 
scope for refining existing data and 
unveiling new properties yet to be 
discovered. One of the challenges in high-
throughput computational science is 
adhering to the FAIR principles — ensuring 
that data are Findable, Accessible, 
Interoperable, and Reusable [3]. These 
principles are fundamental in fostering an 
environment of transparency and 
reproducibility in scientific research.  
Moreover, such databases could serve to 
identify patterns in materials features which 
could be of great use for material 
engineering. In particular, we developed an 
automated workflow utilizing AIIDA [4], DFT 
simulations package SIESTA [5] and TB2J for 
exchange constant calculations [6] to 
compute bandgap, band structure plots, 

and exchange constant [6]. These 
calculations will enable us the possibility to 
compute the Curie temperature of 2D 
magnetic materials through Monte Carlo 
methods. We expect this work will serve to 
identify the critical features required to 
further increase the Curie temperature of 2D 
magnets thus opening a new gate for low-
power low-dimensional magnetic memories.  
References 
 
[1] Feliciano Giustino et al, J. Phys. Mater., 

3 (2021) 042006 
[2] Sten Haastrup et al, 2D Mater., 5 

(2018) 042002 
[3] Wilkinson, M., Dumontier, M., 

Aalbersberg, I. et al., Sci Data, 3 
(2016) 160018 

[4] Huber, S.P., Zoupanos, S., Uhrin, M. et 
al, Sci Data, 7 (2020) 300 

[5] Alberto García et al, J. Chem. Phys., 
152 (2020) 204108 

[6] Xu He et al, Computer Physics 
Communications, 264 (2021) 107938 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

377



 

QUANTUMatter2024 
 

Spin impurity in interaction with multiple baths via 
non-commuting coupling operators: An analytic 

approach
Jakub Garwola 
Nicholas Anto-Sztrikacs, Brett Min, Dvira Segal 
 
University of Toronto, 27 King’s College Cir, 

Toronto, Canada 
 
jakub.garwola@mail.utoronto.c 
 
 
The Effective Hamiltonian theory [1] allows 
analytical studies of quantum dynamics 
and thermodynamics in the strong system-
bath coupling limit. Here, we present an 
extension to the Effective Hamiltonian 
framework and tackle the problem of 
quantum systems coupled 
to multiple reservoirs through non-
commuting system’s operators. We report 

that this approach, which includes 
generalizing the mapping procedure, yields 
closed-form analytical expressions that 
expose the nontrivial impact of strong 
coupling effects on, e.g., spin 
magnetization at equilibrium and heat 
current in a nonequilibrium steady state. 
This tool will augment numerical studies 
based on quantum master equations and 
path integral approaches. Future prospects 
include extending this procedure to study 
dissipative spin chains. For example, 
coupling spin lattices to multiple 
environments could allow engineering their 
magnetic or topological order [2].  
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Figure 1: Example of a two-level system, 
coupled to two bosonic bath of different 
temperature via coupling operators in the form 
of linear combinations of Pauli Matrices. This 
system can now be analytically described using 
the generalized effective Hamiltonian method 
described above. Figure based on [1]. 

 

 
 

378



 

QUANTUMatter2024 
 

Quantum Control of nano-diamond Nitrogen 
Vacancy spin ensembles  

 
Jemy Geordy1,2 
Alexander Hahn1,2, Anirban Dey1,2, Kazuya 
Yuasa3, Daniel Burgarth4, Sarath Raman Nair1,2, 
Thomas Volz1,2 
1School of Mathematical and Physical Sciences, 
Macquarie University, Australia 
2ARC Centre of Excellence for Engineered 
Quantum Systems, Macquarie University, 
Australia 
3Department of Physics, Waseda University, 
Tokyo, Japan 
4Department Physik, Friedrich-Alexander-
Universität Erlangen-Nürnberg, Germany 
jemy.geordy@students.mq.edu.au  
 
 
 
Abstract  
 
Nitrogen-Vacancy (NV) colour centre in 
diamond is a powerful tool as a quantum 
sensor that works under ambient conditions. 
An ensemble of such sensors in 
nanoparticle size with reduced coupling to 
its immediate intrinsic surroundings can 
enhance the sensitivity and offer high 
spatial resolution [1]. Two main challenges 
need to be addressed to make the full 
potential of NV nano-diamond sensors 
based on the spin ensembles. The first one is 
the fast decay of the quantum coherence 
of the NV spin ensemble system due to the 
coupling to its intrinsic surrounding spin 
bath, and the second one is the random 
orientation of the NV ensembles originating 
from the random orientation of 
nanodiamonds relative to the external 
control fields [2, 3, 4]. Here I present the 
latest results from our ongoing experiments 
in nano-diamond NV spin ensembles. To 
address the fast decay due to the intrinsic 
spin bath we use various dynamical 
decoupling (DD) methods along with 
controlled spin-bath driving. We are also 

exploring optimization algorithms to address 
the problems arising due to the random 
orientation of the nano-diamonds. 
Furthermore, we introduce additional pulse 
rotations in conventional DD and observe 
an ‘unusual’ sharp change in the 

coherence decay timescales and phase 
transitions in comparison with the 
conventional DD. 
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Abstract  
 
Condensed matter systems are 
continuously subjected to dissipation and 
seem to affect the system adversely. In this 
context, our study focuses on the impact of 
dissipation on a superconducting Rashba 
nanowire. We reveal that the system can 
still host Majorana zero-modes (MZMs) with 
a finite lifetime in the presence of 
dissipation. Interestingly, we can generate 
two kinds of boundary states via dissipation- 
four robust zero-modes (RZMs) and two 
MZMs, depending upon the amplitude of 
the dissipation. The RZMs are not associated 
with any bulk states and possess no winding 
number, but we can relate the generation 
of the RZMs to exceptional points. 
Meanwhile, the MZMs appear in the system 
via bulk gap closing and can be 
topologically characterized by a winding 
number. We investigate the stability of the 
RZMs and MZMs in the presence of onsite 
random disorder. Our study paves the way 
for stabilizing and realizing MZMs in an 
experimental setup. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Figures 
 

 
 

Figure 1: We demonstrate the schematic 
representation of our setup encompassing a 
one-dimensional Rashba nanowire in close 
proximity to a bulk s-wave superconductor. The 
system is coupled to the environment via 
dissipation. 
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Random number sequences have wide 
applications in science and technology 
[1,2]. A crucial application of random 
number generation is in the field of secure 
quantum communication [3], where 
photons act as qubits. Typically, such 
sequences can be generated by 
algorithmic methods via pseudorandom 
number generators. However, for a truly 
unpredictable random number sequence, 
inherent properties of a quantum system 
must be utilized [1]. Here, we implement a 
quantum random number generator 
(QRNG) based on single photon detection 
from a solid-state emitter (nitrogen 
vacancy – NV center in diamond) [4]. The 
principle is based on the inherent 
randomness of path selection by a photon 
incident on a symmetric beam splitter. The 
emitter is embedded in a nanopillar which 
helps in enhanced brightness of emission 
and knowing the precise location of these 
emitters. We investigate the photon 
statistics of emission by performing an anti-
bunching measurement. This ensures the 
single photon nature of the emitted light for 
characterizing of the non-classicality of the 
source. Then, we experimentally 
demonstrate a real-time quantum random 
number generator at room-temperature for 
these NV centers. We perform von 
Neumann de-biasing to extract the random 
number sequence from the raw bit 
sequence and show a comparison of the 

random numbers generated for different 
emitters. The sequences pass the 
randomness tests with p-values >> 0.1, 
indicating high quality of randomness.  Our 
results highlight the importance of true 
random number generation using single 
photon emitters.   
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Figure 
 

 
Figure 1: Experimental setup for random number 
generation and studying antibunching (inset: 
measured antibunching plot for NV center in 
nanopillar) 
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We investigate the quantum transport of the 
heat and the charge through a quantum dot 
coupled to fermionic contacts under the 
influence of time modulation of 
temperatures [1]. 
We derive, within the nonequilibrium Keldysh 
Green’s function formalism, generic formulas 
for the charge and heat currents by 
extending the concept of gravitational field 
introduced by Luttinger to the dynamically 
driven system and by identifying the correct 
form of dynamical contact energy. In linear 
response regime our formalism is validated 
from satisfying the Onsager reciprocity 
relations and demonstrates its utility to reveal 
nontrivial dynamical effects of the Coulomb 
interaction on charge and energy 
relaxations. 
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Figure 1:  Lateral quantum dot system coupled to a left 
reservoir (l) and a right reser- voir (r) that are 
described by HC,l and HC,r. Each reservoir is under the 
influence of a modulated temperature in time with Tl(t) 
and Tr(t). Left and right tunneling barriers are 
described by HT,l and HT,r, respectively, as indicated. 
The central part corresponds a spinful quantum dot. 
Plunger gates Vl and Vr control the barrier trans- 
parency, an additional gate Vg is applied to the quantum 
dot region to tune the dot level position denoted by εσ.  
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We present a quantum-classical algorithm 
to study the dynamics of the Rohksar-
Kivelson plaquette ladder on NISQ devices. 
We show that complexity is largely reduced 
using gauge invariance, additional 
symmetries, and a crucial property 
associated to how plaquettes are blocked 
against ring-exchange in the ladder 
geometry. This allows for an efficient 
simulation of sizable plaquette ladders with 
a small number of qubits, well suited for the 
capabilities of present NISQ devices. We 
illustrate the procedure for ladders with 
simulation of up to 8 plaquettes in an IBM-Q 
machine, employing scaled quantum gates. 
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Figure 1: Average number of flippable plaquettes 
⟨F⟩ as a function of time for an RK-ladder with λ = 1 
and (a) 4 (b) 6 (c) 8 plaquettes. We compare the 
results obtained from exact time evolution, the 
ideal simulator, and the noisy circuit with non-
scaled and scaled gates for different Trotter steps δt 
(see legend over Fig. (a)) 
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ABSTRACT:  

We studied systematically the directionality of emitted photons from an emitter with 

orthogonal polarizations in the vicinity of nanowire waveguide. Our calculations of the 

electromagnetic modes are based on Green’s function technique which gives the exact 

solutions to all modes, radiation, guided, and surface plasmon modes. In such a structure, 

TE mode and TM mode will excite simultaneously both the scattered TE mode and the 

scattered TM mode.  As a result of the strong transverse confinement, light emitted near 

an optical waveguide is captured and equally split into two modes with opposite 

directions of propagation. Enabling the control of the dipole spin of the emitter, it is 

possible to break the symmetry of the scattering photons and select only one direction 

with very high efficiency.  
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Abstract

Holonomic quantum computation is a
formalism of quantum computation where
quantum gates are generated through
non-abelian geometric phases obtained
from suitable chosen quantum evolutions
[1].

Recently we have shown [2] that for
hamiltonians producing rotations, robust
quantum gates can be produced by using
the topological properties of a particular
class of antisymmetric quantum states,
known as anticoherent planes, which
generalize anticoherent spin states [3], i.e. ,
states whose polarization vector vanishes.

This result generalizes a special topological
property of anticoherent spin states when
evolving under rotations [4]. This explains
the origin of the word toponomic to
describe this topologically robust way to
perform holonomic quantum computation,
extending the robustness against noise
already presented in all schemes of
holonomic quantum computation.

In this work, after a short presentation of the
above model for holonomic quantum
computation, we explicitly generate CNOT
and TOFFOLI quantum gates using this
formulation, in a way that allows for a
generalization to a broader class of
quantum gates of type CC…CNOT.

We also use the Majorana stellar
representation of quantum spin states to
find the suitable symmetry properties to get
the target quantum gate. In Fig, 1 are
presented the Majorana points of four
different states used to find a CNOT gate.
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Figures

Figure 1: Geometric representation of four spin
states used to the generation of topologically
robust CNOT gates,
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Abstract  
 
Bosonic quantum error correction (QEC) 
encodes quantum information in high-
dimensional harmonic oscillators, providing 
hardware-efficient alternatives to traditional 
QEC approaches using two-level systems. 
Recent breakthroughs in cavity quantum 
electrodynamics systems have 
demonstrated bosonic QEC beyond the 
break-even point. While motional modes of 
trapped ions exhibit excellent coherent 
properties, their exploration of bosonic QEC 
has been hindered by backaction from 
photon recoil during state-dependent 
fluorescence detections. Here, we propose 
a scheme that enables non-destructive 
readout of a trapped-ion motional mode. 
This scheme leverages a ‘protection’ mode 
in a symmetric odd-number ion chain and 
high-fidelity two-mode state transfer.  I will 
present the principle and details of this 
scheme, as well as the results of repetitive 
readout for the lowest two Fock states of a 
motional mode. 
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Figure 1: Diagram of a non-destructive 
measurement for a trapped ion motional state. 
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Abstract  
 
Bell inequalities are natural tools used as 
witnesses of nonlocality in composite 
systems. Interestingly, finding the classical 
bound for a given Bell inequality is in one-to-
one correspondence with finding the 
minimal energy configuration of an 
associated classical spin system, which is a 
well-established NP-hard problem. 
 
For Bell inequalities in one-dimensional 
infinite, translationally invariant (TI) systems 
with O(1) correlator length, we introduce 
how to find their corresponding tensors and 
establish a connection between the notions 
of tropical eigenvalue and the classical 
bound per particle as a fixed point of a 
tropical tensor renormalization procedure 
[1]. Further, we show the relation between 
the tropical eigenspaces of the tensor of 
local deterministic strategies, and their 
characterization as irreducible domino loops 
proposed in [2]. This allows us to recover 
their result in an elegant way, extending it to 
the finite number of parties case, and for the 
infinite case as a fixed point of a tropical 
tensor renormalization procedure. The 
procedure is also applicable to Bell 
inequalities with many outcomes such as 
CGLMP [3], and SATWAP inequalities [4] as a 
recursive tropical tensor network 
contraction. Lastly, for the multipartite 
scenario with any number of inputs and 
outputs, we show that the upper bound of 
the number of vertices of the projected Bell 
local polytope is independent of the 
number of parties (contrary to e.g. cases 

with much more symmetry, such as 
permutational invariance [5,6]) and we 
provide methods to upper bound its number 
of vertices. 
 
Our study opens many questions that we 
leave for future work. In particular, the 
relation between the tropical eigenspaces 
of the tensor of local deterministic strategies 
and the facet structure of the TI local 
polytope. Also, the study of multipartite 
nonlocality in systems with e.g. hyperbolic or 
fractal geometries, which can arise in the 
context of symmetry-protected topological 
order [7]. On the numerical side, index 
slicing and heuristic tensor network 
contraction orders can improve overall 
efficiency. The formalism here introduced 
captures the algorithms based on dynamic 
programming used for approximating the 
global optimum of highly nonconvex 
functions. 
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In this study, we explore the correlations 
between quantum properties and 
experimental data of Metal Organic 
Frameworks (MOFs) through the analysis of 
the QMOF database. To reveal these 
connections, we utilize unsupervised learning 
techniques, offering valuable insights for 
researchers engaged in the synthesis of 
MOFs. The methodology is based on 
clustering techniques to identify emerging 
patterns in the quantum properties of MOFs. 
Furthermore, exploring feature combinations 
through brute force testing expands our 
understanding of the complex relationships 
between properties and behaviour of MOFs. 
The primary contribution of this study lies in 
the systematic exploration of feature 
combinations. Here, the clusterization of the 
MOFs will unveil a classification of 
electronic/structural characteristics between 
different MOFs. The potential practical 
impact of the project lies in the future 
creation of algorithms based on the results 
obtained, which could assist experimental 
researchers in defining more efficient routes 
for the synthesis of MOFs with desired 
characteristics, significantly reducing 
dependence on empirical methods. 
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Figures 
 

 
 

Figure 2: Clusters identified through PCA and K-
means analysis, color-coded by bandgap 
values, offering insight into the data patterns 
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Silicon Vacancy (SiV) color centers in 
diamond show potential for improving 
quantum communication systems. SiVs 
exhibit atom-like optical transitions, 
enabling high-fidelity interfaces between 
photons and a long-lived electron spin. The 
inversion symmetry of the SiV protects its 
optical transition from electrical noise, 
allowing integration into nanophotonic 
cavity QED structures. However, SiV color 
centers require operation at low 
temperatures and high radiofrequency 
fields to manipulate the nuclear spins. 

In this work, we present a platform that 
integrates nuclear magnetic resonance 
coils with nanophotonic structures designed 
to operate at millikelvin temperatures, 
thereby facilitating advances in quantum 
networks using SiV-based systems. 
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Topological superconductors hosting chiral 
Majorana zero modes are of great interest 
for both fundamental physics and potential 
quantum computing applications. The 
recent discovery of the intrinsic magnetic 
topological insulator MnBi2Te4 (MBT) [1,2] 
offers a new material platform that host 
chiral topological states. In this work, we 
investigate the transport properties of an 
MBT Josephson junction and explore their 
superconducting properties. MBT 
Josephson junction have been fabricated 
before, but no supercurrent was observed 
[3]. We do observe an onset of 
supercurrent and a clear Josephson 
coupling through RF measurements. The 
sensitive nature of superconducting 
interference, allows us to study the 
interference patterns in the 
superconducting junctions revealing 
interesting asymmetries, suggesting 
changes in the magnetic ordering of the 
MBT flakes under small applied magnetic 
fields. Although we observe a supercurrent, 
doping effects from the Nb leads hinder the 
manifestation of chiral Majorana edge 
modes. Our findings shed light on the 
interplay between superconductivity and 
topology in MBT flakes and provide insights 
into the challenges of inducing topological 
superconductivity in these systems. 
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Figure 1: Schematic of the device 
 
 
 

 
 

Figure 2: Differential resistance as function of 
bias current for different temperatures. An onset 
of supercurrent is observed. 
 
 

390



Quantum-enhanced joint estimation of phase and
phase diffusion

Jayanth Jayakumar
Monika E. Mycroft, Marco Barbieri, and
Magdalena Stobińska

Faculty of Physics, University of Warsaw,
ul. Pasteura 5, 02-093 Warszawa, Poland

jay2nth@gmail.com

Accurate phase estimation in the presence
of unknown phase diffusive noise is a
crucial yet challenging task in noisy
quantum metrology. This problem is
particularly interesting due to the
detrimental impact of the associated noise
[1]. In our work, we numerically investigate
the joint estimation of phase and phase
diffusion using generalized Holland-Burnett
(gHB) states [3]. We adopt a twofold
approach by analyzing the joint information
extraction through double homodyne
measurement [2] and the joint information
availability across all probe states. Through
our analysis, we find that the highest
sensitivities are obtained by using states
created by directing all input photons into
one port of a balanced beam splitter.
Furthermore, we infer that good levels of
sensitivity persist even in the presence of
moderate photon losses, demonstrating
both the metrological resourcefulness and
experimental feasibility of our probe states.
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Figures

Figure 1: The theoretical scheme for the joint
estimation of phase 𝞍 and phase diffusion Δ
involves a Mach-Zehnder interferometer
followed by double homodyne detection.

Figure 2: The double homodyne measurement
extracts the highest amount of joint information

from the family of probe states: |𝚿𝑔𝐻𝐵(0, 𝑁)〉
(N = 4, 5, 6) when compared to HB and N00N
states. Note that 50% photon losses (𝛈 = 0.5) are
accounted for, and the joint information
extraction is quantified by the sum of the ratios
of diagonal elements of classical and quantum
Fisher information matrices: .𝐹

𝐶 (𝑄) 𝑖, 𝑖
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Visualization of nanoscale dynamics in 
superconducting materials provides a 
pathway to unravel the pairing mechanisms 
of interacting electrons [1]. Here, we have 
employed the state-of-the-art scanning NV 
probe [2] technique to explore the local 
magnetic response of the 2D 
superconductor, 2H-NbSe2, in which we 
demonstrate full dynamic sensing of vortices 
with high sensitivity and spatial resolution 
(fig. 1). Utilizing this quantum probe, we 
present the first spatio-temporal dynamics of 
vortices in a 10 nm thin exfoliated 2H-NbSe2, 
where the arrangement of the vortices 
shows a strong correlation with the 
geometric confinement (fig. 2). Notably, we 
have observed the melting of vortex solids 
near critical temperature allowing the re-
arrangement of the vortices that is 
governed by the cooling rate. Additionally, 
our study delves into the dynamics of vortex 
cores, superconducting-insulator edge 
dynamics, and phase transitions, all unveiled 
through spatio-temporal noise spectroscopy 
with the NV probe. 
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Figures 
 

 
 

Figure 1: Illustration of the 2D superconductor 
and NV SPM system. A monolithic diamond 
probe is brought near a magnetic sample. The 
single NV center at the apex of the probe is 
interrogated using various optical and MW 
pulses to read out the Zeeman shifted spin state 
 
 

 
 

Figure 2: Magnetometry of a 2H-NbSe2 flake 
showing a weakly ordered vortex arrangement 
with strong geometric confinement effects. 
Scan performed at 2.5 K and 6 mT field applied 
out of plane. Scale bar is 4 µm. 
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Abstract 
 
Topological materials yield robust edge 
states with potential applications in 
electronics or quantum technologies[1,2]. 
Yet, their simplest Su--Schrieffer--Heeger 
model covers only coupling disorders, 
leaving other types uncovered. Here, by 
studying a quasi-one-dimensional zigzag 
model with negative couplings, we show 
non-chiral edge states, which remain well 
localized in the simultaneous presence of 
dissipation and disorders in short- and long-
range interactions, as well as in on-site 
energies, whose strengths are comparable 
with interactions in the system. To this end, 
we derive regularized values of the 
topological invariant via a novel approach. 
Our work hints on constructing topological 
phases even in the absence of usual 
symmetries. 
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Figure 1: Quasi-1D zigzag structure with 
interacting chains A and B connected by 
strength v > 0 (dashed line). The coupling 
strengths between the sites within chain A is f > 
0 (black line), while within B is t < 0 (red line). An 
elementary two-site unit cell is shown as a red 
frame. 
 

 
 

Figure 2: Our main result: robust topologically 
protected edge states in a zigzag system 
affected simultaneously by losses and disorders 
in next-neighbor and long-range interactions, 
and on-site energies; all quantified with strength 
σ. Remarkably, the edge states remain well 
localized  for the disorders and losses 
comparable with the system interaction 
strength, σ/f ≤ 0.3. The plot is computed for a 
chain of N=60 sites, v/f=1, (a) t/f=-0.7, (b) t/f=-
0.3. 
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Robust quantum networks require an 
interface between photons and long-lived 
spin degrees of freedom. Group-IV color 
centers exhibit an inversion symmetry 
protecting them from surface charge noise. 
For high fidelity control, the use of 
microwave fields is required. However, the 
magnetic transitions are heavily suppressed 
in unstrained emitters. This limitation can be 
overcome by inducing strain and precisely 
aligning the DC magnetic field orientation. 
Recent work has shown the manipulation of 
the electron spin using aluminum wire bonds 
[1] and on-chip gold waveguides [2]. Both 
methods suffer from Ohmic losses in the 
microwave line, restricting coherence 
through heat induction. To overcome this 
challenge, we fabricate a superconducting 
coplanar waveguide on a diamond 
membrane and strain is induced by specific 
sample mounting. We demonstrate high 
fidelity coherent manipulation of the 
electron spin at 50 mK temperature and 
further determine pure dephasing times by 
Ramsey interferometry and spin coherence 
times by Hahn-Echo measurements under 
varying magnetic fields. Spin coherence is 
extended by three orders of magnitude by 
using standard dynamical decoupling 
sequences. 
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Figures 
 

 
Figure 1: Photoluminescence spectrum of an 
unstrained Tin-Vacancy center. 
 

 
Figure 2: Coherent Rabi oscillations using 
microwave control pulses. 
 

 
Figure 3: Scaling of the coherence time with 
increasing number of CPMG pulses. 
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Multiterminal Josephson junctions (MTJJs) 
consisting of a single scattering region 
connected to multiple superconducting 
terminals were shown to exhibit non-trivial 
topology and simulate the band structure 
of Weyl semimetals [1]. Furthermore, recent 
experimental advances led to the 
observation of hybridized ABSs [2], 
signatures of quartet supercurrents [3,4], the 
Josephson diode effect [5] and topological 
phase transitions [6]. 
We experimentally investigate the electronic 
transport properties of a three-terminal 
graphene Josephson junction. We find that 
self-heating effects strongly influence the 
behaviour of this MTJJ system. We show that 
existing simulation methods based on 
resistively and capacitively shunted 
Josephson junction networks can be 
significantly improved by considering these 
heating effects. We also investigate the 
phase dynamics in our MTJJ by measuring its 
switching current distribution and find 
correlated switching events in different 
junctions. We show that the switching 
dynamics is governed by phase diffusion at 
low temperatures. Furthermore, we find that 
self-heating introduces additional damping 
which results in overdamped I-V 
characteristics when normal and 
supercurrents coexist in the device. 
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Figures 
 

 
 

Figure 1: Measured differential resistance map 
of the 3-terminal Josephson junction. 
 

 
 

Figure 2: Switching current distribution of the 3-
terminal Josephson junction as a function of 
bath temperature. 
 

395



 

QUANTUMatter2024 
 

Probing charge neutrality in InAs/GaSb coupled 
quantum wells 

 
Megan E. Kelly 

Abhirami Saminathan, Mark C. Rosamond, 
Thomas A. Moore, Lianhe H. Li, Edmund H. 
Linfield, Christopher H. Marrows 
 
University of Leeds, Leeds, United Kingdom 
 
py17mk@leeds.ac.uk 
 
 
 
Abstract 

The quantum spin Hall effect (QSHE) 
defines a two-dimensional topological 
insulating state [1,2]. The characteristic 
spin-momentum locked helical edge 
states offer potential for novel spintronic 
devices. Evidence for the QSHE in 
coupled InAs/GaSb quantum wells 
(QWs), a III-V semiconductor grown by 
conventional molecular beam epitaxy 
methods, has been demonstrated [3,4]. 
Here, we report the fabrication and 
transport characteristics of dual gated 
InAs/GaSb QW devices, where electron 
and hole populations have been tuned 
to charge neutrality (a necessary 
condition for the QSHE to manifest itself). 
Fig. 1 shows an example, where the sheet 
resistance peak accompanied by a 
change in sign of the Hall coefficient 
indicates a crossing of the charge-neutral 
point. This may correspond to the 
topologically non-trivial insulating band 
gap of the QSHE. 
Fig. 2 shows further gate voltage sweeps 
at varying B-fields, with integer QH 
features highlighted, again converging at 
the charge-neutral point. 
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Figures 
 

 
 

Figure 1: Sheet resistance and Hall coefficient 
with varying top gate voltage. The carrier 
dominance is switched from electrons to holes, 
with a charge neutrality resistance peak 
consistent with a change-of-sign of the Hall 
coefficient. 
 
 

 
 

Figure 2: Sheet resistance response to -6 to 0 V 
top gate voltage sweep, at various B-field 
values. The ridges of resistance minima 
correspond to the Landau level filling factors, as 
determined from the Hall resistance.  
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In 2023, two experimental claims of room-
temperature superconductivity shocked 
the world. The first claimed to show near-
ambient superconductivity in lutetium-
hydride compounds coinciding with drastic 
colour changes of the samples from blue to 
pink to red [1]. We present a full 
microscopic theory of colour in lutetium 
hydride, revealing that hydrogen-deficient 
LuH2 is the only phase which exhibits colour 
changes under pressure consistent with 
experimental reports, with a sequence 
blue-violet-pink-red-orange (Fig. 1) [2]. In 
addition, we find no phonon-mediated 
superconductivity near room temperature 
in the claimed pink phase.  
The second claim concerns “LK99” [3], a 
copper-doped lead apatite compound 
which has motivated numerous 
contradictory theoretical reports. Puzzlingly, 
previous theoretical works claimed that 
experimentally reported structures of both 
the parent and copper-doped lead 
apatite are dynamically unstable. By 
pioneering the inclusion of anharmonic 
phonon-phonon interactions, we show that 
both compounds are dynamically stable at 
room temperature, consistent with the 
experimental reports (Fig. 2a) [4]. We 
resolve all existing inconsistencies about the 
dynamical stability of the LK99 compound 
by clarifying the role of volume and 
electronic correlation strength. 
Furthermore, we demonstrate it is not a 
superconductor but instead a strongly 
correlated Mott insulator whose 
phenomenology differs from that of d9 
cuprate superconductors by performing 
comprehensive DFT+DMFT calculations in 
Hubbard U-J parameter spaces (Fig. 2b) [5]. 
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Figures 
 

 
 

Figure 1: Colour and photorealistic rendering of 
hydrogen-deficient LuH2 as a function of 
pressure. 
 

 
 

Figure 2: (a) Harmonic and anharmonic phonon 
dispersions and (b) Hubbard U-J phase diagram 
of the LK99 compound. 
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We provide experimental evidence of a 
topological phase transition in the 
monoelemental quantum spin Hall insulator, 
germanene. Low low-buckled epitaxial 
germanene on buffer-layer/Ge2Pt is a 
quantum spin Hall insulator with a large bulk 
gap and robust metallic edges. The 
topological edge states have distinct 
dispersion characteristics depending on their 
termination. Particularly, we observe a 
pronounced variance in Fermi velocity, with 
armchair edges exhibiting a velocity higher 
than zigzag edges by about an order of 
magnitude. Moreover, we demonstrate that 
the application of a critical perpendicular 
electric field closes the topological gap and 
makes germanene a Dirac semimetal. 
Increasing the electric field further results in 
the opening of a trivial gap and the 
disappearance of the metallic edge states. 
This electric field-induced switching of the 
topological state and the sizable gap make 
germanene suitable for room-temperature 
topological field-effect transistors, which 
could revolutionize low-energy electronics. 
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Figures 

 

Figure 1: Left: STM image of the hexagonal 
buckled lattice of germanene, the inset is a 
zoomed-in image [1]. Right: dI(V)/dV curves 
taken at a zigzag terminated edge, an 
armchair terminated edge, and of the bulk [2]. 

 

Figure 2: Bandgap size as a function of the 
electric field. The material transitions from a QSH 
insulator to a topological semimetal (TS) and 
finally to a trivial band insulator (BI). Markers 
indicate the results of multiple experiments [1]. 
 

 
 

Figure 3: dI(V)/dV taken at low E-field in the QSH 
insulator state (left), and taken at high E-field in 
the band insulator state (right) [1]. 
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Gate controlled supercurrent (GCS) has 
recently attracted much attnetion[1][2][3], 
as it is essential for many potential electronic 
applications, such as superconducting 
switches, and even logic gates. We show 
that by embedding the superconductor to 
be gated in an appropriate circuit, we can 
induce the supra to normal switching within 
nanoseconds using a gate electrode. We 
modell the whole circuit to demonstrate 
how displacement currents contribute to the 
fast switching, and show experimental 
evidence of such displacement currents in 
our sample. 
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Figures 
 

 
 

Figure 1: SEM image of the gated 
superconducting device. 
 
 

 

 

 

 

 

 
 

Nanosecond switching of gate controlled 
supercurrent in an Al/InAs nanowire 
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Abstract 
Transmon qubits are the leading physical 
qubit realisation in terms of generalist 
quantum computers.  The essential 
component of the Transmon qubit circuit is 
the Josephson junction. This talk will present 
the first cryo-statistical 2K characterization 
of Josephson junctions at full 300mm wafer 
level. Analysing the quality and 
homogeneity of Josephson junctions 
(different sizes) on the whole wafer to 
address their optimisation and provide a 
selection basis for Transmon qubits. The 
Josephson junctions are fabricated in an 
industrial silicon-based process. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figures 
 

 
 

Figure 1: Wafer map of the normal state 
resistance RN of a 2 µm square Josephson 
junction, 232 in total over a 300mm wafer 
obtained at 2K from I-V 2-point measurements. 
 
 

 
 

Figure 2: Normal state resistance RN of a 2 µm 
square Josephson junction with kernel density 
estimation applied over the wafer radius, 232 in 
total obtained at 2K from I-V 2-point  
measurements. 
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Gatemons are the electrically tunable 
cousins of superconducting transmon 
qubits, in which the metallic Josephson 
junction is replaced by a gate-tunable 
superconducting weak link [1,2]. This allows 
the qubit frequency to be tuned by a gate 
voltage. Currently, gatemons are mostly 
realized in InAs platforms, relying on the 
unique epitaxially grown aluminum layer to 
provide a high-quality interface. Here, we 
demonstrate the full coherent control of a 
gatemon based on hole carriers in Ge/Si 
core/shell nanowires. For this purpose, we 
take advantage of the high-quality 
Josephson junctions that we obtain by 
simple ex-situ annealing step, in which 
superconducting Al penetrates into the Ge 
core of a nanowire from the reservoirs on 
both sides. We report full coherent control 
of the gatemon, with energy relaxation 
time up to ~1.3 μs, which is the longest 

coherence time in group IV material 
gatemons to date. In addition, we 
characterize the anharmonicity of the 
excitation spectrum in the device and 
show that the supercurrent through the 
nanowire junction is dominated by at most 
two conducting channels, with 
transparencies up to unity. Our results 
establish Ge/Si core/shell nanowires as a 
unique platform for novel quantum 

technologies, potentially also useful for 
other types of qubits like Andreev spin 
qubits [3], or for circuit QED experiments [4] 
with hole-carriers having a very large spin-
orbit interaction. 
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Building a long-distance quantum network is 
one of the big challenges in the field of 
quantum communication, which requires 
the development of a quantum repeater. A 
crucial component of this device is an 
efficient, coherent spin photon interface.  
Coupling color centers in diamond to a 
microcavity shows promise as a viable 
approach.  
In our experiments, we integrate diamond 
membranes into open access fiber-based 
Fabry-Perot microcavities to attain emission 
enhancement into a single well-collectable 
mode [1,2]. We present our fully tunable, 
cryogenic cavity platform operating either 
in a dilution or closed-cycle cryostat where 
we achieve a picometer mechanical 
stability [3]. By utilising this versatile platform, 
we show Purcell-enhanced fluorescence of 
an ensemble of nitrogen vacancy (NV) 
centers [4] as well as first results from a single 
tin vacancy (SnV) coupled to a cryogenic 
cavity. 
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Figures 

 
 

Figure 1:   A fully tunable fiber-based Fabry-
Perot microcavity. The diamond membrane is 
integrated via a van der Waals-Bond [5]. 
 
 

 
 

Figure 2: Purcell-enhancement of an ensemble 
of NV centers apparent as a lifetime shortening. 
The lifetime was extracted from the 
antibunching time constant of a power-
dependent set of g(2) measurements. 
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Abstract  
 
We report a highly anomalous behavior of 
surface superconductivity in topologically 
nontrivial 3D superconductor In2Bi, where 
the surface states result from its nontrivial 
band structure, itself a consequence of the 
non-symmorphic crystal symmetry and 
strong spin–orbit coupling. In contrast to 
smoothly decreasing diamagnetic 
susceptibility above the bulk critical field, 
Hc2, as seen in conventional 
superconductors, a near-perfect, Meissner-
like screening of low-frequency magnetic 
fields well above Hc2 is observed. The 
enhanced diamagnetism disappears at a 
new phase transition close to the critical 
field of surface superconductivity, Hc3. The 
anomalous screening is shown to be 
consistent with modification of surface 
superconductivity by the topological 
surface states. The possibility of detecting 
signatures of the surface states using 
macroscopic magnetiza-tion provides a 
new tool for the discovery and identification 
of topological superconductors.. 
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Figures 
 

 
 

Figure 1: Anomalous AC susceptibility of In2Bi. a, 
Schematic crystal structure of In2Bi. Bi atoms are 
shown in blue and In atoms in different shades 
of red, to distinguish between In atoms within 
the hexagonal planes (dark red) and those 
making up In chains (light red). The shaded 
areas denote the unit cell containing four In 
and two Bi atoms. Symmetry axes are indicated 
by arrows. b, ZFC and FC magnetization as a 
function of T at H = 10 Oe. Inset: photo of our 
typical cylindrical crystal; scale bar: 1 mm. c, 
AC susceptibility measured using hac = 0.1 Oe 
and frequency f = 8 Hz (red curves). Black 
curves: DC magnetization and its hysteresis for 
this sample. As a reference, the blue dashed 
curves show the standard response expected 
for surface superconductivity. The inset in the 
lower panel shows a zoom of χ′′ indicating the 
transition to the vortex state at Hc1. The vertical 
dashed lines indicate Hc2 and Hc3, and the 
arrows the sweep directions. 
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The goal of this project is to investigate 
superconducting quantum dot arrays 
integrated with superconducting circuits as 
possible platforms for hybrid qubits. Under 
the appropriate magnetic fields, the 
effective mechanism of superconducting 
pairing along such arrays was predicted to 
be a spinless p-wave type, leading to the 
realization of a Kitaev chain with Majorana 
zero modes [1]. When two such chains are 
embedded in a transmon circuit, hybrid 
qubits are formed [2] that could harness the 
controllability of transmon qubits and the 
topological protection of Majorana modes. 
In particular, we derive an effective low-
energy Hamiltonian of the minimal Kitaev 
model [3], study extensions to longer chains 
as well as embeddings into circuit QED 
architectures [4]. As a future goal, the ability 
to perform single-qubit operations will be a 
first step towards quantum computing in 
such hybrid devices [5,6]. 
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Figure 1: Roadmap for the QuKiT project to 
fabricate high fidelity qubits. The Kitmon qubit is 
expected to reduce the limiting error rate 
harnessing topological protection of Majorana 
modes while sacrificing some scalability. 
 
 

 
 

 

 
Figure 2: Proposed minimal realization of the 
Kitmon qubit. Two minimal Kitaev chains (green) 
with onsite energy 𝜇1−4 coupled by a 
superconducting transmon circuit (cyan) with 
Josephson energy 𝐸𝐽 form a local parity qubit. 
This device supports elastic cotunneling 𝑡, 
crossed Andreev reflection Δ and Josephson 
coupling 𝑡𝐽 with superconducting phase 
difference 𝜙. 
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Planar Josephson junctions are considered 
promising devices for the realization of 
Majorana bound states (MBS) thanks to the 
possibility of controlling the topological 
transition by superconducting phase 
difference [1]. The topological transition 
occurs even at small magnetic fields, but 
typically the phase range with the 
topological superconductivity is small and 
cannot be probed directly when the 
superconducting phase difference is 
implied by the external magnetic flux [2]. 
Here, we theoretically show that the 
topological phase region can be 
significantly extended by elongating the 
junction, which leads to the amplification of 
the Zeeman effect. We point out that the 
decrease in the induced gap in long 
junctions, due to transverse modes with 
high momenta parallel to the 
superconducting interfaces that can lead 
to the destruction of MBS [3], can be 
overcome by the introduction of additional 
superconducting contacts that further 
proximitize the semiconductor region and 
reopen the superconducting gap. We show 
that in the proposed system, the 
topological transition can be probed by 
critical current measurements. 
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Figures 
 

 
Figure 1 Schematic of an energy-phase relation 
of a Josephson junction. Three lines at zero 
energy, depicted in blue, red, and green, 
denote the region where Majorana bound 
states appear for three different junction 
lengths. 
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Abstract  
 
In 2D superconductors, the transition to the 
superconducting state is heavily influenced 
by quantum fluctuations and reduced 
dimensionality. The metallic phase transition 
can undergo quantum phase transitions 
driven by factors like magnetic field or 
temperature. These transitions involve 
changes in the ground state due to 
quantum fluctuations, offering valuable 
insights into the nature of 2D 
superconductivity.  
Quantum Griffiths singularity (QGS) [1] is a 
fascinating phenomenon arising from the 
interplay between disorder and quantum 
fluctuations near a quantum critical point 
(QCP). QGS reveals the effect of quenched 
disorder with rare superconducting regions 
which support a vortex-glass-like phase 
near the phase boundary of the QCP.  
We report the first observation of a 
magnetic field driven superconductor-
metal transition (SMT) in a PdTex 

superconductor embedded in a WTe2/Pd 
junction. Palladium (Pd), which is a normal 
metal, diffuses laterally within tungsten 
ditelluride to form intercalated PdTex, a 
superconducting compound [2]. Utilizing 
scaling analysis [1,3], we show that, the 
dynamical critical exponent diverges near 
the characteristic magnetic field BC* =7.8T in 
agreement with an infinite randomness 
critical point. Our R(B,T) data also yields 
information on the nature of the anomalous 

metallic state of inhomogeneous PdTex 

superconductor. 
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Figures 

 

Figure 1: (a) Sketch of B-T phase diagram of 
demonstrating SMT in 2D superconductor with 
quenched disorder. Pictorial representation of 
the (b) vortex-lattice phase, (c) vortex-glass-like 
phase in such SMT phase transition.  
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Abstract 
 
Quantum anomalous Hall effect materials 
and devices for metrology (QuAHMET) is a 
Joint research Project of the European 

Partnership on Metrology1. The project will 
focus on the traceable measurement and 
characterisation of quantum anomalous Hall 
effect (QAHE) materials as devices and 
primary resistance standard candidates.  
 
The QuAHMET project consortium consists of 
14 partners and gathers 7 leading European 
national metrology institutes (NMIs), a 
Japanese NMI for metrology, 
complemented by 6 globally recognized 
institutes from academia and applied 
research. 
 
Within the project, the partners will explore 
and understand in-depth a new but 
scientifically grounded methodology for 
developing metrology grade QAHE devices, 
and to achieve higher operating 
temperatures and currents compared to the 
current state-of-the-art. 
 
References 
 
1. European Partnership on Metrology 

[Online] 
 

Figure 
 

 
 

Figure 1: Map showing geographical locations 
of QuAHMET Partners 
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The most promising quantum enhancement 
of light harvesting is supertransfer [1,2], a 
collective quantum effect related to 
superradiance that enhances the rate of 
energy transfer between delocalised states. 
Despite its proposed significance in 
photosynthesis, there has been no direct 
experimental demonstration of 
supertransfer, as delocalisation of states 
cannot be turned on or off in a molecular 
system. Here, we demonstrate that this 
elusive quantum effect could be directly 
observed using a quantum device based 
on a superconducting circuit. The device’s' 
control over the system and its environment 
would give full tunability over supertransfer. 
Additionally, we present design guidelines 
for optimised energy transfer whose rate 
scales quadratically with the number of 
donors and linearly with the number of 
acceptors. These enhanced rates could 
inform the design of future, quantum-
enhanced light-harvesters. 
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Figure 1: Experimental demonstration of 
supertransfer using a superconducting circuit.  
A) Supertransfer leads to enhanced transfer 
from delocalised donors (blue) to an acceptor 
(red). B) A circuit that demonstrates 
supertransfer by mapping the donor-acceptor 
system and that can tune the delocalisation 
using controllable noise. 
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Attractor neural networks are brain-inspired
computational systems that can solve and
model numerous kinds of tasks, ranging
from pattern and speech recognition to big
data analysis. Associative memories (AMs)
are a prominent example of attractor
neural networks whose temporal evolution
settles on stable solutions. In an AM task, a
system stores a set of memory states. Then,
it is interrogated using a clue state similar
but not necessarily identical to one of the
memories; a system equipped with AM can
identify the stored pattern most similar to
the clue according to a properly defined
distance.

To this purpose, we deviate from standard
Hopfield network techniques [1] and
explore the use of non-linear bosonic
oscillators. Our findings show the possibility
of storing patterns in the form of coherent
[2] or squeezed states [3] that span the
metastable phase of the system. In the
former work, we study the storage capacity
of such oscillators and show that they can
overcome the Hebbian limit in a large
regime by toggling the oscillator
parameters. In the latter, we introduce the
possibility of storing patterns as purely
quantum states, with no classical analogue.
A novelty that had not been pursued in
previously studied generalizations of
quantum Hopfield networks [4]. We

compare the storage capacity between
squeezed and coherent states. Being the
former more sensible to errors as the states
are harder to discriminate.

Concerning AMs, metastability allows
systems that converge towards a unique
steady state to span a manifold of relevant
addressable memories. Yet, there are other
possibilities for building an AM. In [5] we
investigate the general form of quantum
channels that pursue such tasks.
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Figures

Figure 1: Association of states towards its closest
pattern encoded in squeezed states.
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The ever-evolving demands for 
computational power and for a securely 
connected world dictate the development 
of quantum networks where entanglement 
is distributed between connected parties 
[1]. Using single photons as flying qubits, the 
existing fibre optics infrastructure can be 
transformed into a global quantum network. 
“On-demand” generation of entangled 

photons, using semiconductor quantum 
dots (QDs), with telecom wavelength 
emission is imperative for long-distance 
transmission. However, the crucial 
ingredient, namely entanglement between 
a single spin and a photon at C-band 
wavelengths, has been elusive so far. 
Despite the progress achieved in the 900 nm 
region in recent works [2-4], comparable 
performance at telecom wavelengths has 
not been demonstrated yet. Additionally, 
approximations relying on downconversion 
sources are inherently lossy and significantly 
increase experimental complexity [5]. Our 
recent results show that quantum dot-based 
entanglement sources can fill this gap [6]. In 
this work, we use an InAs/InP QD, with direct 
emission in the telecom C-band, to 
implement an optically active spin-qubit. 
We demonstrate a full range of optical 
manipulation techniques such as high-
fidelity spin initialisation and full coherent 
spin control of the resident electron. Using 
our telecom wavelength device, we further 
verify the true single photon nature of our 
source and measure the coherence of a 
single undisturbed electron spin in our 
system. Lastly, for the first time we 

demonstrate high-fidelity spin-photon 
entanglement in a solid-state system with 
direct emission into the telecom C-band 
and obtain a lower bound on the 
entanglement fidelity of 80.07 %. Our results 
highlight the potential of our system for the 
development of future quantum networking 
applications. 
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In this talk I will exploring possibilities for 
quantum simulation of extended Hubbard 
models, focusing on one-dimensional 
models at unit filling. The dipolar 
interactions, extending beyond nearest 
neighbor, are described by effective 
power-law decay exponent βeff). While 

normally  βeff =3, the dipolar interactions are  
influenced by transversal confinement 
allowing to consider βeff =1-3. 
Even for  βeff =3 the phase diagram already 
contains phases unobserved under 
assumption of nearest-neighbor interaction:   
density waves with longer periods and a 
novel insulating phase (topologically trivial 
insulator – TTI). 
By adjusting the transversal confinement, a 
longer tail in Dipolar coefficients decay is 
achieved (we focus on βeff  of 1), 
enhancing the TTI region and introducing a 
new TI phase. The TTI phase is between 
3DW and Haldane insulator phases, and 
features interesting correlations of site 
occupations. Additionally, the TI phase 
results from the melting of the 4DW phase.  
Another Mfeature are quantitative 
changes to the Haldane insulator regime  
We will discuss possible realization and 
observability of these  phases  in state-of-
the-art experiments involving ultracold 
quantum systems in optical lattices.  
  

The main research method is infinite 
density-matrix renormalization group 
(iDMRG) calculation of ground-state phase 
diagrams. 
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Figures 

 

 
 

Figure 1: Phase diagrams of Extended Bose-
Hubbard model.  (a) standard model with 
nearest-neighbor dipole-dipole Vnini+1 terms   
(b)  EBH model with V terms beyond nearest 
neighbor (cubic interaction decay) (c)  EBH 
model with V terms beyond nearest neighbor 
(βeff=1). 
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Finding suitable characterizations of 
quantum chaos is a major challenge in 
many-body physics, with a central difficulty 
posed by the linearity of the Schrödinger 
equation. A possible solution for recovering 
non-linearity is to project the dynamics onto 
some variational manifold. The classical 
chaos induced via this procedure may be 
used as a signature of quantum chaos in the 
full Hilbert space. Here, we demonstrate 
analytically a previously heuristic connection 
between the Lyapunov spectrum from 
projection onto the matrix product state 
(MPS) manifold and the growth of 
entanglement. This growth occurs by 
squeezing a localized distribution on the 
variational manifold. The process 
qualitatively resembles the Cardy-Calabrese 
picture [1], where local perturbations to a 
moving MPS reference are interpreted as 
bosonic quasi-particles. Taking careful 
account of the number of distinct channels 
for these processes recovers the connection 
to the Lyapunov spectrum. Our results 
rigorously establish the physical significance 
of the projected Lyapunov spectrum, 
suggesting it as an alternative method of 
characterizing chaos in quantum many-
body systems, one that is manifestly 
connected to classical chaos. 
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Figure 1: Schematic representation of the 
entropy growth due to squeezing. The quantum 
state starts in a low entanglement corner of the 
MPS manifold and evolves via the time-
dependent variational principle (TDVP) towards 
higher entanglement areas. When saturation is 
reached, excess entanglement is captured as a 
squeezing of the MPS-Husimi distribution (light-
red contribution in the inset). 
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The recent advent of astonishing measure-
ment techniques allows the near-atomic res-
olution of  tiny  local  temperature  changes,
even three orders of magnitude lower than
the sample temperature itself  [1].  The new
approaches  confirmed  earlier  estimations
that  dissipation  (accompanying  electric
current) is not shared equally among two 1d
wires  attached  to  a  point  contact.  More-
over, the formation of so called heat-spots
(small and confined areas of increased tem-
perature)  were  observed  in  the  quantum
regime  [2].  Evidently,  dc  charge  transport
possesses  the  key  to  further  unravel  the
microscopic mechanisms behind spatial dis-
sipation profiles.

Based on a model  of  two 1d wires  sand-
wiching a scatterer (Fig 2 (a)), we studied
the spatial  profile of  the dissipated power
(Fig  2  (b))  for  generic  transmission  of  the
scatterer.  We  present  the  mechanism
behind  the  formation  of  heat/  cold  spots
and the key role of  the electric potential,
which  is  required  to  maintain  the  electric
current  against  the  increased  wire’s
resistivity  in  close  vicinity  to  the  point
contact. 
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Figures

Figure  1: Thermal  imaging  a  current  carrying
carbon nanotube (dots) using the SQUID-on-tip
technique (tSot). Picture from [1].

Figure  2:  Simulating the  local  power  profile
around quantum scatterers.  (a)  Sketch of  the
model.  The  transmission  probability  of  the
scatterer  (gray)  yields  an  energy  loss  of  the
electrons  (blue)  in  the  wires  (red).  (b)  Calcu-
lated  dissipation  profile  for  a  Lorentzian  trans-
mission at various temperatures and fixed volt-
age  drop  inside  the  scatterer.  Low  tempe-
ratures  (black)  show  the  presence  of  heat
(cold) spots as local maximum (minimum).
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The primitive quantum gates of quantum 
computing platforms usually involve only 
one or two qubits and simple Hamiltonians. 
Our aim is to take advantage of the more 
complex Hamiltonians available in 
experimental platforms to design larger 
multi-qubit gates. Finding these restricted 
Hamiltonians that generate desired 
quantum gates is numerically challenging. 
Existing methods of stochastic gradient 
descent, differential evolution, or variational 
quantum algorithms have been attempted 
[2], but have limited success for larger gates.  
 
We offer a solution to the problem of 
generating multi-qubit gates from time-
independent Hamiltonians through the lens 
of differential geometry of the Lie group 
structure of quantum gates. Some 
geometric techniques have previously been 
crucial for understanding quantum circuit 
complexity [3]. Our algorithm utilises 
geodesic information and gradients on the 
group manifold to rapidly converge to an 
accurate solution. At each optimisation 
step, we update the Hamiltonian coupling 
strengths such that the resulting unitary is 
closer to the target unitary gate. This can be 
achieved by updating the couplings such 
that they follow (as closely as possible) the 
geodesic curve towards the target. In the 
paper [1], we formalize this comparison and 
demonstrate how the geodesic can be 
generated by updating Hamiltonian 
coupling strengths in time-independent 
Hamiltonians.  

We demonstrate the algorithms efficiency 
by comparison to gradient descent 
techniques for the generation of Toffoli and 
Fredkin gates. Furthermore, we use the 
algorithm to generate previously 
unavailable weight-k parity checks with up 
to 6 qubits, which are necessary for a wide 
array of quantum error correcting codes. 
We find that our geodesic algorithm is 
significantly more efficient than gradient 
descent algorithms for finding a restricted 
generating Hamiltonian of a desired unitary 
gate.  Larger, more complex quantum 
gates can therefore be implemented 
directly. Not only could this lead to less noisy 
gates, but it could also reduce the total time 
to run a circuit on the hardware. This is 
crucial for NISQ applications where we have 
a limited coherence time and gives the 
significant advantage of increasing the 
clock speed for fault-tolerant quantum 
computation. 
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Figures 
 

 
Figure 1: Comparison of number of steps to find 
Hamiltonian couplings for Toffoli gate for 1000 
instances. Our geodesic algorithm significantly 
outperforms gradient descent methods.

 

414

mailto:dylan.lewis.19@ucl.ac.uk


 

QUANTUMatter2024 
 

Exploring Quantum Learning Models on 
Superconducting Devices 

 
Weikang Li 
Dong-Ling Deng 
[1] Center for Quantum Information, IIIS, 
Tsinghua University, Beijing 100084, China 
[2] Hefei National Laboratory, Hefei 230088, 
China 
lwk20@mails.tsinghua.edu.cn 
 
Quantum computing promises to enhance 
machine learning and artificial intelligence. 
However, due to the unavoidable noise in 
real experiments, it is challenging to design 
and implement large-scale quantum 
learning models on real quantum devices. 
 
Here, we report an experimental 
demonstration of supervised quantum 
machine learning with programmable 
superconducting qubits. We train 
quantum classifiers, which are built on 
variational quantum circuits consisting of 
ten transmon qubits featuring average 
lifetimes of 150 µs, and average fidelities 
of simultaneous single- and two-qubit gates 
above 99.94% and 99.4%, 
respectively, with both real-life images (for 
example, medical magnetic 
resonance imaging scans) and quantum 
many-body data. We demonstrate that 
these well-trained classifiers can achieve 
high performance on these high- 
dimensional datasets, with testing accuracy 
of up to 99%. 
 

 
Figure 1: Schematic illustration of the model. 
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Figure 2: Learning classical data. 

 
Figure 3: Learning quantum data. 

 
Figure 4: Results for learning classical data. 

 
Figure 5: Results for learning quantum data. 
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Abstract  
 
Any realistic quantum system is inevitably 
subject to an external environment. This 
environment makes the open system 
dynamics significant for many quantum 
technologies, such as entangled-state 
engineering, quantum simulation, and 
quantum sensing. The ordinary environment, 
usually consisting of a large number of 
degrees of freedom, is hard to control, 
despite some attempts on controllable 
transitions from Markovian to non-Markovian 
dynamics. Here, we demonstrate the 
engineering of multiple dissipative channels 
by controlling the adjacent nuclear spins of 
a nitrogen-vacancy center in diamond. 
With controllable non-Markovian dynamics 
of this open system, we observe that the 
quantum Fisher information flows to and 
from the environment using different noisy 
channels.  In this talk, I will present the 
principle, the experimental schemes and 
results of information backflow from non-
Markovian multi-channels. 
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Figures 
 

 
 

Figure 1: A schematic diagram and 
experimental results of quantum Fisher 
information (QFI) backflow from two non-
Markovian channels. 
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Abstract  
 
Quantum neural networks, typically 
structured as parameterized quantum 
circuits, merge the principles of quantum 
mechanics with the capabilities of neural 
networks. When dividing general quantum 
neural networks into multiple layers and 
restricting operations to be performed only 
between the nearest neighboring layers, a 
layer-by-layer deep quantum neural network 
can be designed. Tailored for this specialized 
structure of deep quantum neural networks, 
we design a unique quantum 
backpropagation algorithm for training. We 
analyze the training efficiency in terms of the 
required number of quantum copies for 
each training data per training iteration. Our 
analysis suggests that the quantum 
backpropagation algorithm is more efficient 
than traditional training algorithms in specific 
scenarios, particularly when the width of the 
hidden layers is smaller than the width of the 
input and output layers in the deep quantum 
neural network. Our numerical 
demonstrations highlight the remarkable 
learning ability of deep quantum neural 
networks, as well as the effectiveness of the 
quantum backpropagation algorithm in 
learning quantum channels. 
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Figure 1: Schematic illustration of deep 
quantum neural networks. 
 
 

 
 

Figure 2: Exhibition of the backpropagation 
algorithm. 
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The integration of magnetic molecules into 
superconducting circuits is key for 
developing hybrid quantum computing 
architectures [1-4]. Here, we study [Dy2] 
molecular dimers deposited onto micro-
SQUID susceptometers. The results of 
magnetic and heat capacity experiments, 
backed by theoretical calculations, show 
that each [Dy2] dimer can act as a two-
qubit quantum processor. Arrays of [Dy2] 
molecules have been optimally integrated 
inside the 20 µm wide loops of micro-SQUID 
sensors by means of Dip-Pen 
Nanolithography [5]. The equilibrium 
magnetic susceptibility and the spin 
tunneling dynamics measured in situ 
evidence that these molecules preserve the 
spin ground states, magnetic interactions 
and magnetic asymmetry that characterize 
them in bulk. These results show that it is 
possible to interface multi-qubit molecular 
complexes with superconducting circuits 

without disturbing their relevant properties 
and hints at the potential of soft 
nanolithography to achieve this goal in 
practice. 
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Figures 

 
Figure 1: Image of a micro-SQUID ac 
susceptometer (top left) and of a [Dy2] 
nanoarray deposited on one of its pick-up coils 
(bottom left). Linear ac susceptibility measured 
on an array (top right) compared to that 
measured on a bulk crystal (bottom right). 
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Nuclear magnetic resonance (NMR) 
spectroscopy poses one the most widely 
used spectroscopic techniques of modern 
times, with applications ranging from the 
serialized analysis of chemical structures at 
the molecular level to tissue imaging in 
clinical applications. However, the inherent 
insensitivity of conventional NMR 
spectroscopy prevents its use in the studies 
of nanoscopic systems. By increasing the 
sensitivity by several orders of magnitude, 
Nanoscale NMR spectroscopy based on the 
nitrogen vacancy (NV) center in diamond 
as quantum sensor has emerged as a 
promising research subject [1]. Although 
recent developments of innovative NMR 
detection schemes, such as the quantum-
heterodyne (Qdyne) detection protocol, 
enable high spectral resolutions, these 
schemes are inherently not applicable at 
high magnetic fields, to further improve the 
resolution and measurement times [2]. Here 
we present a high-field compatible 
extension of the Qdyne measurement 
scheme by combining it with electron-
nuclear-double-resonance (ENDOR) 
sequences. [3] This approach paves the 
way for the application of NV-NMR 
spectroscopy in nano-scale studies of 
biomolecules and materials attached to the 
diamond surface. 
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Figures 
 

 
 

Figure 1: Pulse sequence of the ENDOR-Qdyne 
protocol. The transverse polarization of the 
target spin (red) is transferred to longitudinal 
axis via a RF pulse. This polarization is then read 
out by the sensor electron spin (yellow) with a 
Ramsey-type sequence, before the target spin 
is transferred back to xy-plane with a second RF 
pulse.  
 

 
 

 

Figure 2: Detected down-converted NMR signal 
of a 13C spin. The oscillating time trace reveals 
the Larmor precession of the target spin in the 
xy plane. The frequency spectrum is obtained 
through Fourier transformation of the time trace 
of the oscillation. 
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Thanks to extensive studies in the past two 
decades, the role of topology in the band 
structure of noninteracting electrons is well 
understood. In real materials, however, 
electronic correlations often give rise to new 
phenomena which can significantly alter 
the ground-state properties of the 
noninteracting system. The question of 
whether and how the single-particle 
topology manifests itself in such cases is 
object of active ongoing research at both 
the theoretical and experimental level. The 
aim of this talk is to give an inexhaustive 
overview of the effects of electronic 
topology on Wannier excitons in two-
dimensional semiconductors with strong 
spin-orbit coupling. In these materials, the 
nontrivial momentum-space winding of the 
underlying electrons and holes strongly 
modifies the Coulomb interaction between 
them. The resulting excitonic band structure 
is greatly modified with respect to that 
arising from the same model in a trivial 
regime. In particular, Berry-phase effects 
leave a clear imprint on the exciton binding 
energies by lifting the accidental angular-
momentum degeneracy present in the 
hydrogen-like Wannier picture. The optical 
properties are also affected by the 
underlying topological single-particle 
Hamiltonian, with s- and d-wave excitons 
coupling selectively to left- or right-circularly 
polarized light. If time permits, I will discuss 
the possibility and peculiarities of exciton 
condensation and squeezing in the 
presented model. 
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Figures 
 

 
Figure 1: Exciton band structure in the topo-
logical regime of the underlying single-particle 
Hamiltonian, strongly deviating from the 
hydrogen-like spectrum shown below. 
 

 

 
Figure 2: Exciton band structure in the trivial 
regime of the underlying single-particle 
Hamiltonian. A hydrogen-like spectrum is 
obtained. 
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The zero-bias conductance peaks in hybrid 
nanowires with Rashba spin-orbit coupling 
and the Zeeman effect [1] have been 
considered as one of the signatures of the 
presence of Majorana-bound states (MBS). 
Nevertheless, the sole observation of a 
peak at zero energy cannot be considered 
as unambiguous hallmark of the presence 
of MBS as the peaks can originate also from 
the disorder present in the system [2]. 
Splitting of zero-bias conductance peaks 
(ZBCPs) with oscillatory behavior in the 
Zeeman field or varied system size has been 
regarded as one of the possible routes to 
evidence the presence of Majorana-bound 
states [3]. The experimental demonstration 
of this effect remained challenging. In our 
work we theoretically study the scanning 
gate microscopy technique (SGM) which is 
applied to such hybrid systems [4] and can 
be used to discriminate between the trivial 
and topological origin of the zero bias 
peaks. We show that the scanning probe 
can induce the localization of two 
additional Majorana pairs and that the 
change of the position of the probe 
changes the overlap between MBS which 
in turn induces conductance oscillations. 
We show that the oscillations are absent in 
the trivial case, where the ZBCPs are 
induced by the disorder.  
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    Figures 
 
 

 
 

 Figure 1: Conductance versus position of the 
SGM tip at constant magnetic field. Clear 
oscillations of Majorana zero-bias peaks are 
visible. 
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Nanoscale nuclear magnetic resonance 
(NMR) is a technique that enables the study 
of mater at the nanoscale level. In 
nanoscale NMR, nitrogen-vacancy (NV) 
centers can be utilized as highly sensitive 
magnetic sensors to detect the magnetic 
fields produced by nearby nuclei. By 
placing the sample close to the NV 
ensemble, thermal polarization is replaced 
by statistical polarization as the dominant 
signal source. We study correlation 
spectroscopy methods for nanoscale NMR 
methods, which involves two 
“interrogation” pulse sequences during 
which the NV centers accumulate phase. 
This process correlates the phases of the 
oscillating magnetic field and generates 
oscillations in the readout data. We found 
that these oscillations depend on the 
angular distance between the axes along 
the pulses are applied. Furthermore, we 
characterize the effect of including a radio 
frequency pulse over sample's nuclei. Our 
findings suggest that, in this type of 
protocols, the outcome does not hinge on 
the initial random phase of the sample's 
magnetic field that we aim to detect but 
rather on the correlation among the initial 
phases of the drivings applied in various 
channels. 
 
 
 
 

Figures 
 

 
 

Figure 1: Sequence scheme. Two channels are 
involved in the sequence. The sequence in the 
microwave (MW) channel is applied on the NV 
and the one in the radio frequency (RF) 
channel is applied on the sample. The 
sequence is divided into four stages: a first 
interrogation block, application of an RF pulse 
on the sample, correlation time and a second 
interrogation block. In each of these stages the 
NV accumulate a phase ø. 
 
 
 

 
 

Figure 2: Effect of desynchronization in the initial 
phases of driving on NV photoluminescence 
(PL). We investigate PL variations of the NV 
center for distinct axes of RF pulse application 
while the first MW pulse is applied along y-axis of 
the NV. The choice of axes for the drivings is 
determined by their initial phases. a) 
Application of the RF pulse along the x- axis 
results in a phase difference of π/2, leading to 
population inversion in the NV when a π-pulse is 
applied to the sample. b) If the RF pulse is 
directed along an intermediate axis, k, 
between x and y we observe changes in the PL 
phase but not full population inversion. c) When 
both driving axes have the same phase, 
population inversion is not observed in the NV 
PL, despite using the same RF pulse on the 
sample. 
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Abstract

Bound states in the continuum (BICs) are
exotic, localized states even though their
energy  lies  in  the  continuum  spectra.
Since its discovery in 1929, the quest to
unveil  these  exotic  states  in  charge
transport  experiments remains  an active
pursuit  in  condensed  matter  physics.  In
this  talk,  I  will  show  some  proposals  of
experimental  set-ups  composed  of  InSb
nanowire arrays that could be used to find
BICs in conductance measurements while
introducing  a  perpendicular  magnetic
field. We find that BICs reveal themselves
as  distinctive  resonances  or
antiresonances  in  the  conductance  by
varying the applied magnetic field and the
Fermi energy. We systematically consider
different lead connections in hashtag-like
nanowire  networks,  finding  the  optimal
configuration that  enhances  the features
associated  with  the  emergence  of  BICs.
Finally,  the talk focuses on the effect  of
the Rashba spin-orbit  interaction of  InSb
on  the  occurrence  of  BICs  in  nanowire
networks  and  its  applicability  in
spintronics.
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Figures

Figure 1: Sketch of the configurationally 
different geometries of the nanowire network.

Figure 2: Panels (a), (b), and (c) display the 
conductance of the nanowire network against 
the magnetic field B and the Fermi energy E. 
Panels (d), (e) and (f) correspond to its 
density of states with and without magnetic 
field. Panels (g), (h), (i) represent its 
participation ratio with and without magnetic 
field.
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MUMAX3 is an open-source software which 
is GPU-accelerated and it is used to perform 
micromagnetic simulations, it was 
developed and maintained at the 
DyNaMat group at Ghent University (The 
design and verification of MuMax3 [1]).  
 
We implement a new feature that extends 
the current capabilities of MUMAX3 by 
including the effects of coupling 
a given magnetic material to 
an electromagnetic cavity.  This will enable 
the study of analytically-intractable models 
in the field of magnetic cavity QED 
materials. 
 
To implement these modifications, a fork of 
the MUMAX3 code was created. The 
Landau–Lifshitz–Gilbert (LLG) equation that 
MUMAX3 solves is understood as a 
phenomenological analogue of the 
Heisenberg equations of motion of the spin 
degrees of freedom of the magnetic 
material. These are extended to include the 
coupling to the cavity and then the 
equation of motion of the cavity is 
integrated out, giving rise to an effective 
term for the spins. The effect of the cavity is 
thus included in MUMAX3 as a new 
contribution to the effective field given by 
the cavity's zero-point field times a memory 
factor. 
 
As a benchmark, we simulate the dynamics 
of the Dicke model, which serves as an 

analytically-solvable toy model of a 
paramagnetic material interacting with a 
single-mode cavity (Photon Condensation 
and Enhanced Magnetism in Cavity QED 
[2]). Preliminary results show promising signs, 
with the observation of two resonant peaks 
at the polaritonic frequencies of the Dicke 
model. 
 
In addition, we simulate the coupling 
between different shaped ferromagnets 
and cavity photons yielding results 
comparable with recent experiments. 
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Quantum reservoir computing (QRC) is a
machine  learning  technique  where
complex quantum systems are exploited
to  solve  temporal  tasks,  such  as
predicting  chaotic  time  series  and
complex  spatiotemporal  dynamics  [1].
Most  existing  results  in  the  analysis  of
QRC systems  with  classical  inputs  have
been  obtained  using  the  density  matrix
formalism  [2].  Our  work  shows  that
alternative  representations  can  provide
better insights when dealing with design
and  assessment  questions.  It  has  been
shown that these vector  representations
yield  state-affine  systems  (SAS)
previously  introduced  in  the  classical
reservoir  computing  literature  and  for
which numerous theoretical results have
been  established.  This  connection  has
been  used  to  show  that  various
statements  in  relation  to  the  fading
memory (FMP) and the echo state (ESP)
properties  are  independent  of  the
representation, and also to shed some
light  on  fundamental  questions  in  QRC
theory  in  finite  dimensions.  Our
conclusions  can  be  summarised  as:  the
necessary  and  sufficient  condition  that
makes  a  quantum  reservoir  valuable  is
strictly  contractive  dynamics  towards
input-dependent fixed points. Figure 1 is
an illustrative example of our theoretical
results. In this example, a single qubit is
driven by a temporal  signal,  and having
an input-dependent (bottom) fixed point
or  not  (top)  completely  determines  the
usefulness of the system.
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Figures

Figure 1: Dynamics of single-qubit 
observables when driven by a temporal input 
signal. Top picture represents an input-
independent fixed point case while the 
bottom picture represents an input-dependent
fixed point case.
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Topological quantum matter exhibits novel
transport phenomena driven by
entanglement between internal degrees of
freedom, as for instance generated by
spin-orbit coupling effects [2]. Here we
report on a direct connection between the
mechanism driving spin relaxation and the
intertwined dynamics between spin and
sublattice degrees of freedom in
disordered graphene, Figure 1. Beyond
having a direct observable consequence,
such intraparticle entanglement is shown to
be resilient to disorder, pointing towards a
novel resource for quantum information
processing, Figure 2.
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Figures

Figure 1: Numerical and analytical spin
relaxation times due to the EY mechanism
(black, right axis), along with the concurrence
(purple, left axis), as a function of the Fermi
energy.

Figure 2: Left panel: Long-time concurrence for
different scattering times in the presence of
intravalley charge impurities (solid blue lines)
and magnetic impurities (dashed blue line). The
solid purple line indicates the concurrence of
the eigenstates of the system and the upper
bound of the converged concurrence, and the
solid yellow line represents the lower bound of
the converged concurrence. Right panel:
concurrence dynamics for the initial states. The
inset shows a schematic of the semiclassical
Monte Carlo simulation.
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We address the variational preparation of 
Gibbs states as the ground state of a 
suitably engineered Hamiltonian acting on 
the doubled Hilbert space. The construction 
is exact for quadratic fermionic 
Hamiltonians and gives excellent 
approximations up to fairly high quartic 
deformations. We provide a variational 
circuit whose optimization returns the 
unitary diagonalizing operator, thus giving 
access to the whole spectrum. The problem 
naturally implements the entanglement 
forging ansatz, allowing the computation of 
Thermofield Doubles with a higher number 
of qubits than in competing frameworks.  

 
Figures 
 

 
 

Figure 1:  
Simulation for the Hubbard model at t = U = 
1. Left, overlap of the engineered 
variational ground state with the searched 
Thermofield Double. Right, full spectrum at 
values of N=4, 6 in orange, versus exact 
diagonalization, in blue. 
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In quantum circuits, a conventional tunnel 
Josephson junction is described in terms of 
its macroscopic degrees of freedom: the 
number of tunneled Cooper pairs and its 
conjugate variable, the phase difference. 
But this approximation is only valid when the 
fermionic excitations of the junction itself are 
far from the lowest circuit levels. In fact, 
these junctions are just a particular case of a 
weak link between superconductors, where 
their internal structure combines with the 
superconducting leads to form Andreev 
bound states, typically examined at a fixed 
phase difference. Here [1], we explore the 

intermediate regime, i.e., a weak link where 
the phase fluctuations are important, which 
is now becoming experimentally accessible 
[2]. We consider a multiterminal junction 
embedded in different kinds of circuits and 
discuss, on the one hand, its application to 
the design of protected qubits [3] and, on 
the other hand, more fundamental 
questions about its topological properties 
and the proper quantization rules [4]. 
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Figures 

 
 

Figure 1: (a) Possible realization of the trijunction with 3 superconducting leads (blue) and a central 
region confined by tunable barrier gates (yellow). (b) Model accounting for the central region by a 
single level. (c) Effective model with 3 tunnel Josephson junctions. (d-f) Three circuits we analyse: in 
(d), the phases are fixed by external fluxes; in (e), the leads are islands with finite charging energy; in 
(f), two leads form a loop with finite inductance – this configuration can implement analogues of the 
bifluxon and the 0-π qubits, protected against decoherence induced by charge and flux noise.  
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Key challenges to harness charged 
semiconductor quantum dots (QD) as qubits 
are to measure and control the dynamic 
properties of the resident charge [1]. 
Indeed, the spin coherence time is one of 
the limiting factors on the generation of 
cluster states [2]. Current approaches rely 
on controlled sequences of pulses and 
repeated strong measurements of the spin 
state to measure either lifetime or 
coherence. 

Here, exploiting giant Kerr rotations [3], we 
introduce a time-dependent tomography 
protocol to probe the complete dynamics 
of a single spin in a micropillar cavity. This 
procedure is based on the interference 
between the reflected light from the cavity 
and the single photons from an electron 
confined in an InGaAs QD when applying a 
transverse magnetic field (Fig. 1). The 
information of the electronic spin state is 
encoded on the polarization degree of 
freedom of the reflected light. 

By performing a polarization dependent 
measurement on a first photon, we access 
the conditional density matrix of the spin 
state. We track its evolution back to the 
stationary regime through the polarisation 
state measurement of the successive 
photons (Fig. 2). With this time-dependent 
polarization tomography protocol, both the 
coherence (~2 ns) and the lifetime (~5 ns) of 
the electron spin can be inferred. 
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Figure 1:  a) Energy levels of the QD system. We 
drive transition V1 at ωv1 with a cw laser and the 
photons emitted by transitions 1 and 4 are 
collected. H and V refer to linear polarization 
states. b) Experimental setup with two 
polarimeters: the measurement polarimeter 
performs a projective measurement along a 
given polarization state; the tomography 
polarimeter measures the polarization state of 
the reflected photons and track the evolution 
of the spin state.  
 
 

 
 

Figure 2: Time-evolution of the polarization state 
of the reflected photons after performing a 
measurement on the electronic spin at t=0. The 
Stokes parameters sHV, sDA and sRL describe 
the polarization state of the reflected light in the 
Poincaré sphere and measures both the 
coherence and lifetime of the free-evolving spin 
state. 
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A weak magnetic field applied to a 
superconductor (SC) can selectively close 
the superconducting gap, giving rise to a 
segmented Fermi surface. These so-called 
Bogoliubov Fermi surfaces (BFSs) have been 
observed in recent experiments in a three-
dimensional topological insulator (3DTI) in 
proximity to a SC. In this work, we employ a 
scattering matrix formalism to reveal 
signatures of the BFS in the thermoelectric 
transport properties of a superconducting 
hybrid junction on the surface of a 3DTI. We 
consider a setup with two normal probes 
(N) connected to a SC (N-SC-N 
configuration) to study local and nonlocal 
transport under an applied in-plane 
magnetic field. With a temperature 
gradient, the magnetic field creates equal 
local and nonlocal electric Seebeck 
currents which follow the orientation of the 
BFS. Furthermore, we predict a switch in the 
required voltage bias enabling local and 
nonlocal Peltier cooling, which again 
depends on the orientation of the BFS. As a 
result, our work opens new perspective 
applications in spintronics and provides 
novel ways of exploring unconventional 
superconducting phases. 
 
 
 

Figures 
 

 
 

Figure 1: Sketch of the N-SC-N junction where a 
superconductor is deposited on the surface of a 
3DTI. On each region, N and SC, we show an 
energy contour of the bands at the Fermi level. 
When m0>Δ the superconducting gap closes in 
a finite region creating a Bogoliubov Fermi 
surface: a gapless superconducting state.  
 
 

 
 

Figure 2: Zero bias electric current in the normal 
left (IL) and right (IR) regions for a given 
temperature gradient across the junction δT, 
plotted as a function of applied the magnetic 
field, m0, that induces the BFS. We predict a BFS 
induced Seebeck coefficient of S≈30µV/K in 
typical topological insulator-superconductor 
junctions. 
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Abstract 
OpƟcal  hybrid  entanglement  can  be  created
between  two  qubits,  one  encoded  in  a  single
photon  and  another  one  in  coherent  states  with
opposite phases:
              |Cat ̄ +|Cat+√ 
 It  opens  the  path  to  a  variety  of  quantum
technologies  which  oŌen  require  tesƟng  for
quantum nonlocality in underlying resources. These
tests  have  been  accomplished  for  two-mode  CV
states [1], this task becomes parƟcularly challenging
when  dealing  with  opƟcal  hybrid  entanglement
which has a DV-CV nature [2].
Here  we  propose  to  employ  the  CHSH  inequality
and  either  on/off  or  parity  measurements  for
tesƟng  the  nonlocality  in  the  opƟcal  hybrid
entanglement  state  .  In  Fig.1(a),  two modes of
the  shared  state  | are  locally  interfered  with
coherent fields, |  and | in the homodyne limit
(HD),  followed  by  measurements  of  efficiency
.  In this limit the beam spliƩer interference
may be approximated with displacement operator
D() with _a = -i  √r_a and  _b = -i  √r_b where
r_a, r_b are beam spliƩers’ reflecƟviƟes and the _a
and _b act as the Bell test seƫngs. The readouts k
and L are then coarse-grained into two sets, either
zero/non-zero or even/odd numbers of photons.

Figure 1: Bell tests setup for optical hybrid 
entanglement state 

We  show  that  a  pracƟcal  violaƟon  of  CHSH
inequality  is  possible  with  simple  photon number
on/off measurements if  detecƟon efficiencies stay
above  82%.  We  observe  Bell  violaƟons,  up  to
S=2.71,  which  are  demonstrated  for  states  with
amplitudes  γ <1.25.  Another test, based on parity
measurements,  requires  94% efficiency  but  works
well in the limit of higher photon populaƟons. In the
ideal lossless condiƟons, this allows one to perform
the  even/odd  Bell  test  for  arbitrarily  large
amplitude γ, reaching the maximal value of S=2.44. 
Another  strategy  linked  to  the  specific  nature
of the considered state is to perform the hybrid Bell
test,  in  which  a  general  qubit  measurement  is
performed on mode A while mode B is tested with
on/off  or  parity  measurements  (Fig.1b).  This
strategy allowed us to maximally violate the CHSH
inequality, up to S = 2√2. 

Figure 2: Comparison of CHSH violation for various
detection  strategies:  on/off  (blue  lines)  and  parity
(red  line)  with  full  optical  (solid  lines)  and  hybrid
(dashed  lines)  measurements.  The  various  lines
correspond  to  the  thresholds  above  which  CHSH
violation is observed.

All  the  tests  use  no  postselecƟon  of  the
measurement  outcomes  and they  are  free  of  the
fair-sampling  hypothesis.  In  Fig.2,  we  compared
CHSH violaƟon for various detecƟon strategies.
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Hybrid superconductor-semiconductor 
nanodevices have been intensively 
explored in the past decade in the context 
of topological superconductivity [1, 2] and 
for the development of hybrid 
superconducting qubits [3]. For these 
directions, the field has relied on the 
development of nanostructures with a clean 
superconductor-semiconductor interface, 
to ensure a strong superconducting 
proximity effect. This is typically achieved by 
the in-situ deposition of superconductors, 
e.g., by the epitaxial growth of Al shells [4-5]. 

Of particular interest to this work are so-
called full-shell InAs-Al nanowires, whose 
superconductivity can be tuned by the 
Little-Parks effect. These wires have received 
a lot of attention as a potential platform for 
generating topological superconductivity 
[6-7]. Interestingly, a recent work [8] 
addressing the properties of the Al shell in 
such wires has reported on an anomalous 
metallic phase in the Little-Parks regime, 
suggesting that the superconductivity in 
these systems is interesting in its own. In this 

work, we perform a thorough study of the 
superconductivity of the Al layer in similar 
full-shell nanowires. We have found that the 
switching current of these wires is typically 
limited by the inverse proximity effect 
imposed by the electrical leads, being 
several times lower than the expected value 
due to depairing. In addition, we observe 
that such a premature switching can either 
trigger a thermal runaway, in which the 
entire Al shell turns normal due to Joule 
heating, or to the stabilization of a normal 
region within the shell, reflected by the 
appearance of an intermediate resistance 
state. Remarkably, this intermediate 
resistance state displays a behavior typically 
associated with Josephson junctions, most 
notably the onset of Shapiro Steps when 
applying AC radiation [9]. 
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Abstract  
 
The electromagnetic coupling between 
heterostructures made of different materials 
is of great interest, both from the 
perspective of discovering new 
phenomena, as well as for its potential 
applications in novel devices. In this work, 
we study the electromagnetic coupling of a 
heterostructure made of a topological 
insulator (TI) slab and a single graphene 
layer (Fig. 1), where the later presents a 
diluted concentration of ionized impurities. 
We explore the topological effects of the 
magnetoelectric polarizability of the TI, as 
well as its relative dielectric permittivity on 
the electrical conductivity in graphene at 
low but finite temperatures.  
We consider a heterostructure composed of 
a TI slab and a single graphene layer, and 
we further assume that a diluted 
concentration of ionized impurities is present 
in the graphene monolayer. The presence 
of such charged impurities will induce a 
local distortion of the charge density of the 
2D electron gas, leading to a nontrivial 
electromagnetic coupling between the TI 
and the graphene monolayer in the 
heterostructure. As a probe of this coupling, 
we further studied the electrical 
conductivity as a function of temperature, 
by including the scattering effects with the 
local electromagnetic field configuration via 
the Kubo linear response formalism. We 
applied our theoretical results to model the 
electromagnetic coupling in 
heterostructures made of different TIs (PbTe, 
Bi2Te3, PbSe, PbS, Bi2Se3, TlBiSe2, TbPO4). 
Our analytical and numerical results suggest 

that, among the properties of the TIs, the 
dielectric permittivity ε1 is the most relevant 

at tuning the electronic transport in the 
coupled graphene monolayer. On the other 
hand, we also observed that the 
topological effects arising from the 
presence of the MEP coefficient θ are 

comparatively very small even at zero 
temperature.  
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Figures 
 

 
 

Figure 1: Graphene-TI heterostructure 
considered in this work 
 
 
 

 
 

Figure 2: Electrical conductivity in the graphene 
monolayer as a function temperature  
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In this work, we present a quantum 
computational method to calculate the 
many-body Green's function matrix in a spin 
orbital basis. We apply our approach to 
finite-sized fermionic Hubbard models and 
related impurity models within Dynamical 
Mean Field Theory, and demonstrate the 
calculation of Green's functions on 
Quantinuum's H1-1 trapped-ion quantum 
computer. Our approach involves a 
cumulant expansion of the Lanczos method, 
using Hamiltonian moments as measurable 
expectation values. This bypasses the need 
for a large overhead in the number of 
measurements due to repeated 
applications of the variational quantum 
eigensolver (VQE), and instead measures 
the expectation value of the moments with 
one set of measurement circuits. From the 
measured moments, the tridiagonalised 
Hamiltonian matrix can be computed, 
which in turn yields the Green's function via 
continued fractions. While we use a 
variational algorithm to prepare the ground 
state in this work, we note that the 
modularity of our implementation allows for 
other (non-variational) approaches to be 
used for the ground state. 
 
 
 
 
 
 
 
 

Figures 

 
 

 

Figure 1: Spectral function for a Hubbard dimer 
obtained with the H1 Quantinuum ion trap 
device, compared with classical results 
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Abstract 
 
The perception of tastes and sensations: 
sweet, sour, bitter, acid, salty, umami, but 
also freshness, cold, warmth, and even 
carbonation, amongst others, is mediated 
by different receptors. With a virtual 
screening (VS) method implemented and 
refined for quantum gate-based 
computation, we can predict whether a 
molecule binds adequately to the freshness 
receptor, activating the transmission signal 
that indicates the freshness sensation to the 
brain. The aim is to design, before 
consumption, tailor-made food and 
beverage products.  
The VS method used determines the 
maximum common substructure between 
molecules, mappable to the maximum-
weighted set problem over a conflict graph, 
where the edges are conflicts to avoid. For 
this case, we implement a weighted 
variation of the original QAOA with (1+n) 
parameters per layer inspired by the ma-
QAOA [1], being n the number of qubits. We 
choose differential evolution as the optimiser 
since it evades local minima [2]. With two 
layers, we find optimal configurations until 19 
qubits through emulation with standard 
deviations of upper order 0.1 (Figure 1). 
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Figures 
 

 
Figure 1: Final distribution with 3000 out of 10000 
counts for the optimal configuration with 0 
conflicts (molecule α-cedrene with 19 qubits). 
Embedded, energy evolution of the optimal 
configuration with its standard deviation and of 
the whole system. 
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The study of collective excitations is a 
powerful tool to gain insight into a many-
body system. By examining the low-lying 
energy spectrum and its modes, we can 
identify imminent phase transitions and 
better understand the nature of different 
phases. In our experiment, we load a Bose-
Einstein Condensate (BEC) into a high-
finesse cavity. The coupling of the BEC and 
the cavity produces long-range interactions, 
which can result in two roton-like excitation 
modes. These modes correspond to two 
exotic superradiant phases that have been 
previously observed and studied [1].  
Due to inherent dissipation in our system, 
these two modes couple when their 
energies are close leading to a topological 
pump [2]. At this exceptional point, the 
eigenvalues and eigenvectors related to 
the two modes are expected to hybridize. 
To measure these two low-lying excitations 
simultaneously, we use Bragg-spectroscopy. 
We observe the individual softening of the 
two modes as they approach their 
respective phases, along with a diverging 
susceptibility. By leveraging the full tunability 
of our non-Hermitian system, we explore a 
parameter regime where the two modes 
coalesce, causing an exceptional point and 
the associated dynamical instability. 
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Figures

Figure 1: Power-dependence of Rabi oscillation 
and Ramsey interference of the spin state.

Figure 2: Energy dependence of the relaxation 
and decoherence rates of the spin state

a. Relaxation rate

b. Decoherence rate

Spins in semiconductor quantum dots 
constitute a promising platform for scalable 
quantum information processing [1]. 
Coupling them strongly to the photonic 
modes of superconducting microwave 
resonators would enable fast non-
demolition readout and long-range, on-
chip connectivity, well beyond nearest-
neighbor quantum interactions [2]. As the 
field of spin circuit quantum electro-
dynamic (cqed) is growing, new 
experiments showed spin-photon coupling 
rates as high as 330 MHz and a 2-qubit gate 
mediated by a photonic interaction [3, 4]. 
However, up to now, all of the 
semiconductor spin-cqed devices have 
showed fast decoherence and relaxation 
times, mitigating the high fidelity control 
and readout usually achieved for spin 
qubits.  
 
We present here an experimental study of 
a hole spin qubit embedded in a Si double 
quantum dot, strongly coupled to a 
microwave cavity thanks to the intrinsic 
spin-orbit interaction (SOI) of holes in Si. We 
measure relaxation (Γ1) and decoherence 
(Γ2) rates as a function of magnetic field, 
therefore controlling the qubit-cavity 
coupling as well as its energy through the 
magnetic-field dependence of the SOI. We 
span its energy over a range of 10GHz, 
crossing several cavity modes and identify 
photon emission (multimode Purcell effect) 
as one of the limiting mechanisms for the 

spin’s lifetime.  The decoherence shows 
signs of charge-noise induced dephasing 
as its magnetic-field dependence follows 
the second-order electrical susceptibility of 
the qubit. (Figure 2) 
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Quantum computers are a promising 
technology poised to outperform classical 
computers in various problem domains. 
Despite their theoretical potential, qubits 
are susceptible to decoherence caused by 
interactions with their environment. These 
interactions sometimes lead to the 
population of higher energy levels, resulting 
in computational errors known as leakage 
errors. Recent research [1], has shown that 
quantum computers can prepare an initial 
state,, ρ0 , more rapidly when more than 
two accessible levels are present. 
Consequently, leakage, instead of being a 
hindrance, could offer an advantage for 
quantum computing. We have conducted 
a study on how leakage induces 
dephasing in the time evolution, comparing 
scenarios with only two levels to those with 
more than two levels using perturbation 
theory, which elucidates the observed 
speedup. 
In this poster, we will study the dynamics of 
Singlet-Triplet spin qubits (ST0), which are 
qubits encoded in two electrons in two 
different quantum dots. These qubits are 
easier to control and suffer less dephasing 
due to interactions with the nuclei spins in 
their environment compared to single spin 
qubits. Spin qubits in quantum dots 
represent a promising technology for 
quantum computing. However, since these 
qubits have more than two accessible 
levels, they could populate levels outside of 
the computational basis (|0⟩ and |1⟩), 
making them a favourable scenario for 

experimental observation of this 
acceleration. We anticipate observing a 
trade-off between the acceleration 
caused by leakage and an increase in the 
decoherence experienced by the qubit. 
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Abstract  

We study the efficiency of neural networks 

applied to classify topological phases in 

one-dimensional Su-Schrieffer-Heeger model 

[1]. We apply singular value decomposition 

(SVD) to the weight matrices of layers of a 

trained feed-forward neural network. It is 

shown that by selecting a small set of largest 

singular values, it is possible to compress the 

number of free parameters in weight 

matrices while maintaining high accuracy of 

the model. We compare the results with 

removing the weights by replacing values 

below threshold by zeros. The SVD approach 

demonstrates advantage in maintaining 

precision of while reducing the memory size 

required for the largest and several 

sequential layers. This agrees with a number 

of observations in literature about the 

essential info contained in the most 

important singular values [2,3]. We analyse 

how the weight vector corresponding to 

largest singular value transforms dataset and 

performs a selection of the ‘important’ 

elements in each dataset example. This 

approach can be applied for compressing 

models discussed in recent Refs.[4-6]. 
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Figures 

 
 

Figure 1: Performance of 3-layer feed-forward 

neural network with percentage of small 

weights weights or singular values (indicated in 

x-axis) being removed from the first layer. The 

network configuration used here is: input size 

256 (all wave functions of length 16 SSH chain), 

output first layer 128, output second layer 64, 

output third layer 2. Only 8 singular values of first 

layer are important to maintain classification 

accuracy above the 95% level. 

 

 
 

Figure 2: Accuracy of the network with few 

singular values left in first layer and percentage 

of singular values removed from second layer. 

Only 1 or 2 singular values in second layer store 

essential information for classification level of 

95%. Curves correspond to number of singular 

values remaining in the first layer. 
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Quantum annealers are often presented 
as application-specific devices intended to 
harness quantum effects to solve classical 
optimisation tasks. This is due to the 
connection between the Ising model and 
QUBO (Quadratic Unconstrained Binary 
Optimisation) problems, to which several 
problems of interest can be mapped. 
However,  the hard-wiring of a fully 
connected graph, a general requirement 
for these problems, is not scalable due to 
crosstalk and packing issues within the 
chip. We present a scalable architecture to
embed an all-to-all connected Ising model 
within another Ising model defined on a 
graph of degree d = 3 containing 
exclusively 2-local interactions. This
essentially amounts to an efficient 
braiding of logical chains of qubits which 
can be derived from a description of the 
problem in terms of triangles, naturally 
linking to a family of equivalent 
formulations of an Ising instance. We also
devise strategies to address the 
challenges of scalable architectures, such
as the faster shrinking of the gap due to 
the larger physical Hilbert space and the 
scaling of penalty strengths [1, 2], in the 
specific context of our architecture. These
strategies consist on driver Hamiltonians 
that are more suited to the symmetries of
the logical solution space, extending 
ideas from [3, 4]. The hereby proposed 
architecture opens an alternative route to
scale up devices dedicated to classical
optimization tasks within the quantum 
annealing paradigm.
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Figures

Figure 1: Schematic of the architecture for 
N=5 incorporating local fields.

Figure 2: Success probability of finding the 
logical ground state along the anneal in a 
small example (3 logical variables, 9 physical 
qubits) for different driver Hamiltonians for an
instance in which the logical ground state is in
the (degenerate) 4th-excited manifold of the 
embedding Hamiltonian.
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Abstract

We show how quantum-inspired 2d tensor
networks can be used to efficiently and
accurately simulate the largest quantum
processors from IBM, namely Eagle (127
qubits), Osprey (433 qubits) and Condor
(1121 qubits). We simulate the dynamics of
a complex quantum many-body system—
specifically, the kicked Ising experiment
considered recently by IBM in Nature 618,
p. 500–505 (2023)—using graph-based
Projected Entangled Pair States (gPEPS),
which was proposed by some of us in PRB
99, 195105 (2019). Our results show that
simple tensor updates are already sufficient
to achieve very large unprecedented
accuracy with remarkably low
computational resources for this model.
Apart from simulating the original
experiment for 127 qubits, we also extend
our results to 433 and 1121 qubits, and for
evolution times around 8 times longer, thus
setting a benchmark for the newest IBM
quantum machines. We also report

accurate simulations for infinitely-many
qubits. Our results show that gPEPS are a
natural tool to efficiently simulate quantum
computers with an underlying lattice-based
qubit connectivity, such as all quantum
processors based on superconducting
qubits.
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Figures

Figure 1: Different heavy-hexagon lattices,
corresponding to the topology of qubit
connectivity of three IBM quantum processors:
(a) Eagle, with 127 qubits; (b) Osprey, with 433
qubits; (c) Condor, with 1121 qubits. Every dot in
the lattices corresponds to a superconducting
qubit, and every link corresponds to a
qubit-qubit coupling.
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Nitrogen Vacancy centers in diamond are 
a promising platform for a vast number of 
applications such as quantum sensing and
quantum computing [1-3]. Many of these 
applications would also benefit from using 
spin ensembles to, for example, increase 
the signal-to-noise (SNR) in sensing 
applications, as the SNR increases 
proportionally to the square root of the 
number of Nvs [4]. The resonant 
frequency of different NV centers can vary
within the same diamond crystal due to 
different variables such as strain. A large 
number of promising control protocols 
have been proven on single NVs, but these
often rely on driving in resonance electron
(Electron Spin Resonance - ESR) and/or 
nuclear spins (Nuclear Spin Resonance - 
NMR) through microwave and radio-
frequency irradiation. Thereby, to be able 
to translate single NV protocols to exploit 
the benefit of NV ensembles, it is 
important to know the frequency spread in
ensembles of NVs. In this work we assess 
the frequency spread existing in NV 
ensembles in sample of diamond grown 
via Chemical Vapour Deposition (CVD) 
containing about 4.5 ppm (0.79×1018 
cm−3) of NVs, which is about the highest 
density of NVs available in the market. We
optically detected the ESR signal of an 
estimated population of ~0.79 ×106 NVs 
within the active volume of our confocal 
instrument (~1 μm3), which can be seen in
Fig.1. This signal shows the typical ESR 
signature of one of the ESR peaks 
revealing the hyperfine coupling of the 
electron spin to the nuclear 14N spin triplet
conforming the NVs. Different power levels

were employed to minimise the power 
broadening introduced by the MW pulses. 
The acquired image suggests that the 
spectral spread in the hundreds of 
thousands of NVs is small. These results 
suggest that sequences designed for 
simple NVs should be compatible with bulk
sensing, paving the way to orders of 
magnitude sensitivity boosts. 
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Figures

Figure 1: Optically detected ESR signal for 
different microwave power levels.
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Exploring the characteristics of 
nanostructured magnetic materials is of 
great interest for investigating fundamental 
aspects of quantum magnonics and their 
application in cutting-edge quantum 
information technologies. To do this, the 
development of highly responsive 
magnetic sensors capable of handling 
radio frequency (RF) signals is needed. 
Such sensors, known as Superconducting 
Quantum Interference Devices (SQUIDs), 
have typically been used in DC 
applications due to specific amplification 
constraints limiting signal frequencies. 
However, the potential for SQUID utilization 
in RF signals exists, given the persistence of 
the Josephson effect at these frequencies. 
Here, we propose the fabrication of SQUIDs 
designed for high-frequency operation, 
particularly for their application in quantum 
magnonics experiments. 
To this end, we propose the fabrication of 
SQUIDs based on grain boundary 
Josephson junctions in YBCO, a high-
temperature superconductor, on a MgO 
substrate. These SQUIDs present 
exceptional sensitivity, low inductance, 
minimal noise, and a high critical current 
density. 
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Figure 1: Detail of a YBCO SQUID with external 
flux line). 
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As machine learning gains widespread 
adoption, there is a growing focus on 
exploring the computational limits of these 
algorithms. In particular, this arises as a 
crucial condition to understand the 
possible applications of quantum 
computers in machine learning, as proving 
a quantum speed-up requires comparing 
the performance of these quantum 
algorithms with that of any classical one. 
 

Notably, certain findings suggest the 
presence of quantum speed-ups in this 
domain [1,2]. However, as illustrated in [3], 
achieving a (computational) quantum 
speed-up for a function is not a sufficient 
condition for a learning separation. This 
discrepancy arises from the fact that 
access to a classical training set can 
simplify seemingly complex tasks. This insight 
prompts a deeper examination of classical 
algorithms' capabilities when supplied with 
a training set, leading to the definition of 
the class BPP/samp. 

 
We demonstrate that BPP/samp is, in 

fact, equivalent to a more conventional 
class known as P/poly. Additionally, we 
explore scenarios where the distribution is 
fixed. In this context, we establish a strict 
inclusion, indicating that sampling advice 
from a fixed distribution is inherently weaker 
than arbitrary classical advice. This result 
also holds true when we consider quantum 
advice and a quantum generalization of 
the training set. Lastly, leveraging these 

results and their associated proof 
techniques, we identify sufficient and 
necessary complexity assumptions for the 
existence of concept classes that exhibit a 
quantum learning speed-up in the worst-
case scenario, i.e., when accurate results 
are required for all inputs. 
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Figures 
 

 

Figure 1: Relations between the different 
complexity classes studied. A solid arrow from A 
to B implies A ⊆ B. If the arrow is dashed, then it 
is unknown if that inclusion holds. Finally, if a bar 
is included, the inclusion does not hold 
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Flux-tunable transmon couplers are widely 
used to implement two-qubit gates 
between superconducting qubits. However, 
connecting qubits through such couplers 
induces a ZZ coupling, an energy shift 
conditioned by the qubits’ state which  
limits the performance of both one- and 
two-qubit gates. The performance limitation 
for two-qubit gates can be comparable to 
that from decoherence. In this talk, we 
present strategies to mitigate and control 
the ZZ coupling in devices based on fixed-
frequency transmon qubits and flux-tunable 
transmon couplers. These strategies, which 
are based on numerical and analytical 
modeling, provide information on how to 
choose the frequencies, anharmonicities, 
and coupling strengths of the qubit systems 
[1]. This allows us to create several 
parameter regions with mitigated ZZ 
coupling that can be accessed by current 
technology without major redesigns. We 
also describe the underlying reasons for the 
existence of these regions inferred from new 
diagrammatic perturbation theory [2]. 
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Figures 
 
 
 

 
 

 

Figure 1: Circuit diagram for two fixed-
frequency qubits (blue and green) coupled 
through both a direct capacitive coupling and 
a flux-tunable coupler (orange). The direct 
capacitive coupling and the coupler together 
generate an effective ZZ coupling between the 
qubits (symbolized as a red padlock) limiting the 
performance of one- and two-qubit gates. 
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Topological phases of solid-state electron 
systems look poised to provide solutions that 
will revolutionize information technologies 
[1]. One of the challenges to translate 
topologically enriched devices from 
research lab to scale-up production remains 
the recurrent use of environmentally-
polluting or resource-critical materials. To 
overcome this limitation, we propose a 
practical silicon-based architecture that 
spontaneously sustains topological 
properties, while being fully compatible with 
the high-volume manufacturing capabilities 
of modern microelectronic foundries [2]. 
Here we show how conventional 
semiconductors such as Ge1-xSnx alloys can 
be engineered into heterojunctions that 
demonstrate a broken gap alignment. We 
predict such basic building block undergo a 
quantum phase transition that can 
elegantly accommodate the existence of 
gate-controlled chiral edge states directly 
on Si (see the schematics in Fig. 1). This will 
enable the design of integrated circuits 
hosting quantum spin hall insulators, thus 
bringing topological functionalities a step 
closer to their use in future consumer 
electronics. 
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Figures 
 

 
 

Figure 1: Quantum spin Hall (QSH) phase 
emergent in Ge1-xSnx/Ge1-ySny architectures. A 
strained Ge1-xSnx/Ge1-ySny heterostructure 
integrated on silicon through a Ge1-sSns virtual 
substrate can host topologically protected 
edge states featuring spin-momentum locking. 
A quantum phase transition from a trivial to a 
quantum spin hall insulator can spontaneously 
occur in the system when the heterojunctions 
demonstrate a broken-gap alignment of the 
band offsets. This can lead to an inverted band 
structure with hole states higher in energy than 
the electron states, while giving rise to an 
interface electric dipole because of the 
accumulation of opposite charges at opposite 
sides of the junction. 
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Abstract  
 
We will present the development of 
Transition Edge Sensors (TESs) based on 
Mo/Au superconducting bilayers in 
Spain[1], optimized for different 
applications depending on the absorber 
design. These applications range from 
astrophysics and particle physics 
experiments (X-ray astronomy[2-3], Dark 
Matter direct detection) or material 
sciences, to photon counting in Quantum 
Technologies[4].  
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Figure 1: Partial picture of a wafer with Mo/Au 
TESs arrays and pixels of different designs. A 
16x16 array with Au/Bi absorbers is highlighted 
at the center of the image. 
 
 
 

 
 

Figure 2: Preliminary Kα and Kβ peaks from a 
Fe55 source in a 250µm wide pixel. 
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Recently, neutral atoms excited to Rydberg 
states have emerged as a promising 
platform for quantum simulation and 
computation, owing to the high control 
and scalability of the system. Experiments 
mostly focused on excitations to low-
angular momentum Rydberg states, which 
sets limits on achievable gate fidelity due to 
the short lifetime of these states. The lifetime 
can be extended up to several minutes for 
atoms excited to circular Rydberg states in 
a cryogenic environment with 
spontaneous-emission inhibition [1]. In this 
work, we present the latest results from our 
experiment, which focuses on trapping 
single alkaline-earth calcium atoms excited 
to circular Rydberg states. The primary 
objective of the experiment is to perform 
QND (Quantum Non-Demolition) readout of 
the qubit, employing the narrow-line 
transitions available in calcium for state-
dependent shelving of the core electron 
[2,3]. We plan to cool and trap calcium 
atoms in an array of optical tweezers 
generated by a spatial light modulator. 
Following Rydberg excitation and 
circularization, the atoms will be transferred 
to an array of hollow bottle-beam traps, 
where control of the core electron will aid in 
the cooling, manipulation, and non-
destructive readout of the circular qubit. To 
trap atoms in optical tweezers temperatures 
of about 100µK are desirable. Our 
experiment starts with a magneto-optical 
trap (MOT) operating on the broad 1S0-1P1 
dipole-allowed transition, resulting in a 
Doppler temperature of 0.8mK. Recently, we 
implemented a two-photon cooling 
scheme, previously demonstrated in 
magnesium [4], to achieve Sub-Doppler 

temperatures. This scheme, based on 
coupling the 1P1 state to a higher lying 
narrower transition, offers a straightforward 
experimental implementation and can be 
used to achieve temperatures as low as 
100µK.  Finally, we outline our progress in the 
design of a cryogenic chamber, essential for 
preserving the extended lifetimes of circular 
Rydberg atoms. 
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For the solution of time-dependent nonlinear 
differential equations, we present variational 
quantum algorithms (VQAs) that encode 
both space and time in qubit registers. The 
spacetime encoding enables us to obtain 
the entire time evolution from a single 
ground-state computation inspired by the 
Feynman—Kitaev Hamiltonian [1]. 
We describe a general procedure to 
construct efficient quantum circuits using 
quantum nonlinear processing units [2] for 
the cost function evaluation required by 
VQAs. To mitigate the barren plateau 
problem during the optimisation, we 
propose an adaptive strategy. The 
approach is illustrated for the nonlinear 
Burgers equation. We classically optimise 
quantum circuits to represent the desired 
ground-state solutions, run them on IBM Q 
System One, and demonstrate that current 
quantum computers are capable of 
accurately reproducing the exact results. 
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Figures 
 

 
 

Figure 1: Summary of the procedure 
 
 
 

 
 

Figure 2: Solutions to the Burgers and diffusion 
equations on 3 + 3 qubits (23 = 8 points in time 
and space) plotted using IBMQ Ehningen (solid 
lines) and a noiseless simulator (dashed lines). 
The lighter colours represent increasing time. 
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Abstract 
 

We study a duality transformation from the 
gauge-invariant subspace of a ZN lattice 

gauge theory on a two-leg ladder geometry 
to an N-clock model on a single chain. 

The main feature of this mapping is the 
emergence of a longitudinal field in the 
clock model, whose value depends on the 

super-selection sector of the gauge model, 
implying that the different sectors of the 

gauge theory can show quite different 
phase diagrams. 
In order to investigate this and see if 
confined phases might emerge, we perform 
a numerical analysis for N = 2, 3, 4, using both 

exact diagonalization and DMRG. 
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Abstract  
 
In the pursuit of advancing quantum 
information processing, high-Q coaxial 
cavities have emerged as a potential 
avenue to realize interactions in multi-qubit 
systems. In this work, we present such a 
platform involving transmon qubits coupled 
to a high-purity niobium 𝜆/4 coaxial 
seamless design.  
A modular magnetic hose is introduced for 
implementing fast magnetic flux control 
within the superconducting cavity, crucial 
for fast frequency changes of tunable 
transmon qubits. The magnetic hose offers a 
solution to the longstanding challenge of 
achieving high-coherence 3D cQED systems 
with fast magnetic flux control.  
In order to achieve fast and accurate qubit 
readout, which is typically limited by the 
Purcell effect in the dispersive regime, we 
propose a novel Purcell filter design 
replacing the conventional readout pin. This 
design incorporates a modular band-pass 
filter centred at the resonator frequency, 
allowing fast qubit measurements while 
mitigating the impact of the Purcell effect on 
qubit lifetime.  
All these quantum engineering tools enable 
the construction of a robust 
superconducting platform for quantum 
information processing applications. 
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Figure 1: Picture of the Purcell filter 
 
 
 

 
 

Figure 2: Picture of the flux hose 
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We propose a quantum lidar protocol to
jointly estimate the range and velocity of a
target by illuminating it with a single beam
of pulsed displaced squeezed light. In the
lossless scenario, we show that the
mean-squared errors of both range and
velocity estimations are inversely
proportional to the squared number of
signal photons, simultaneously attaining the
Heisenberg limit. This is achieved by
engineering the multi-photon squeezed
state of the temporal modes and adopting
standard homodyne detection. To assess
the robustness of the quantum protocol, we
incorporate photon losses and detuning of
the homodyne receiver. Our findings reveal
a quantum advantage over the
best-known classical strategy across a wide
range of round-trip transmissivities.
Particularly, the quantum advantage is
substantial for sufficiently small losses, even
when compared to the
optimal---potentially
unattainable---classical performance limit.
The quantum advantage also extends to
the practical case where quantum
engineering is done on top of the strong
classical coherent state with watts of
power. This, together with the robustness
against losses and the feasibility of the
measurement with state-of-the-art
technology, make the protocol highly
promising for near-term implementation.
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Figure 1: Quantum Lidar protocol
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Quantum evolution of a state is described 
by the Schrödinger equation: 𝑖𝜕௧|𝜓(𝑡)⟩ =
𝐻(𝑡)|𝜓(𝑡)⟩, |𝜓(0)⟩ = |𝜓⟩ , in which 𝐻(𝑡) is a 
time-dependent Hamiltonian operator. 
Formal solution of this problem is written as: 
|𝜓(𝑡)⟩ = 𝒯𝑒𝑥𝑝(−𝑖 ∫ 𝐻(𝑡ᇱ)𝑑𝑡′)

௧


|𝜓⟩, in which 

𝒯𝑒𝑥𝑝 is the so called T-exponent, resulting in 
a complicated iterative formula. Quantum 
adiabatic evolution (QAE) happens when 
𝐻(𝑡) is a slowly varying function. QAE 
preserves an eigenstate. This can be used in 
quantum annealing for solving hard 
classical problems (see [4] and refs. therein), 
in holonomic quantum computing for 
manipulating qubits [2] or solving molecular 
and other electronic problems in material 
science [1]. 
 
We suggest a way to approximate QAE 
using piecewise constant Hamiltonians, see 
Fig. 1, the corresponding approximation 
(=AQAE) converges to the true QAE in the 
limit of small step-size. Such approximation 
can be implemented on a quantum gate 
computer. We made tests on solving the 
classical QUBO problem (e.g. number 
partitioning) and simulated the exotic 
quantum holonomy effect. Classical 
computers cannot effectively simulate QAE 
of large quantum systems and a quantum 
computer is needed as well as a gate 
implementation of the corresponding 
AQAE. Such capacity would be useful in 
simulating control of qubits in holonomic 
quantum computers and other quantum 
devices. For electronic structure simulations 
we suggest to use Hamiltonian matrices, 
which tend to be sparse and thus has an 
effective quantum gate implementation of 

AQAE. All concepts are tested on a small-
scale using quantum gate computers like 
VTT’s 5-qubit Helmi machine.   
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Figures 
 

        
 

Figure 1: Left: QAE from 𝐻 to 𝐻, the blue line. 
The yellow line: a sequence of piecewise 
constant Hamiltonians approximating QAE 
(AQAE). AQAE can be effectively implemented 
as a sequence of quantum gates.   AQAE for a 
QUBO – probability of a false state (top) vs  of a 
solution (bottom). 
 
 

                  
 

 

Figure 2: Exotic quantum holonomy in a two-
level system [3], energies of two levels green 
and orange lines as a function of a parameter. 
Blue dots: energy found using QAE, points lie on 
the green line ( a constant was added to each 
AQAE point  to separate the plots). 
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Scalable quantum information processing 
requires spectrally stable interfaces between 
fiber-coupled photons and solid-state 
qubits. For remote entangling, bright and 
indistinguishable photons are necessary and 
thus high demands on the optical transitions 
of the spin-photon interfaces are 
compulsory. Group-IV color centers in 
diamond offer by symmetry a first-order 
insensitivity to charge noise, making them 
promising candidates for scalable 
integration. By an optimized spectroscopy 
method, we identify charge-state and 
spectrally stable Tin-Vacancy (SnV) centers 
with Fourier-limited optical linewidths using 
resonant excitation. We implement a 3D 
vector magnet in a confocal microscope 
setup to analyze the magneto-optical 
properties of the SnV electron spin at 
cryogenic temperatures. We determine long 
spin relaxation times as predicted by the 
larger spin-orbit splitting of the SnV center 
compared to other Group-IV defects. By 
rotating the magnetic field with respect to 
the symmetry axis, we determine the angle 
dependent splitting of the electron spin 
ground and excited states. This allows a full 
fit to the electron spin Hamiltonian and 
determination of the orbital quenching 
factors as previously derived in DFT 
calculations [1]. 
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Figures 
 

 
Figure 1: Fourier-limited PLE spectrum of a Tin-
Vacancy center under magnetic field rotation. 
 

 
 

Figure 2: Full fit of the dipole-allowed transitions 
to the electron spin Hamiltonian in the local 
defect frame. 
 

 
Figure 3: Electron spin lifetime under varying 
temperatures exceeding 0.5s at 1.3K. 
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The standard transmon qubit may be modi-
fied by using a Josephson junction with few 
well-transmitted channels. Via a gate the 
junction’s transmission and thus qubit prop-

erties become tuneable. Previous works 
have shown coherent measurements in 
such gatemon qubits with nanowire or gra-
phene-based junctions. We present a qubit 
design using ultraclean single carbon nano-
tubes as junction material. Measurements of 
the resonance frequency show signatures of 
charge parity change in the quantum dot 
formed by the carbon nanotube. We meas-
ured Rabi oscillations demonstrating coher-
ent control. We currently work on a micro-
wave design to reduce energy relaxation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figures 
 

 
 
Figure 1: Optical microscope picture of trans-
mon qubit coupled to a coplanar waveguide 
(on the right). The carbon nanotube (not visible) 
is covered by hexagonal boron nitride (green) 
and a top gate (towards the left). 
 
 

 
 
Figure 2: Rabi oscillations measured at various 
drive frequencies. The qubit frequency is 
at  2.5 GHz. 
 
 

458



 

QUANTUMatter2024 
 

Fermionic quantum computation with Cooper pair 
splitters 

 
Antonio L. R. Manesco1 

Kostas Vilkelis1,2 

Juan Daniel Torres1,2 
Sebastian Miles1,2 

Michael Wimmer1,2 

Anton Akhmerov1 
 
1Kavli Institute of Nanoscience, Delft University of 
Technology, Delft 2600 GA, The Netherlands 
2Qutech, Delft University of Technology, Delft 
2600 GA, The Netherlands 
 
am@antoniomanesco.org 
 
 
Abstract 
 
We showed that Copper pair-splitting 
devices with tunable capacitors  (Fig. 1) 
make up a building block of a fermionic 
quantum computer [1]. We derived the low-
energy Hamiltonian and showed that it 
contains all the necessary processes to build 
a universal set of gate operations. Moreover, 
we showed how to use experimentally 
controllable parameters to implement the 
gate operations. We find that the presence 
of Zeeman splitting in the superconducting 
island complicates the implementation of 
gates and necessitates additional steps. 
Based on the low-energy theory, we also 
studied optimal regimes for the device 
operation. While our design was mostly 
inspired by recent experiments, we also 
discussed how to avoid foreseeable 
limitations such as (i) the use of neutral 
fermions to suppress charge noise; (ii) a 
floating superconducting island to simplify 
the layout; (iii) control of the 
superconducting gap to simplify gate 
operations. 
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Figures 
 

 
 

Figure 1: Schematics of the device. Two singly 
occupied spin-polarized quantum dots host the 
local fermionic modes. Two tunnel barriers 
enable normal and spin-dependent hopping. A 
middle superconducting island mediates 
superconducting correlations between the two 
local fermionic modes. An external mutual 
capacitor allows Coulomb interactions 
between the sites. 
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The need to develop and implement 
rechargeable batteries with higher 
capacity, faster charging, and, ideally, 
lower production costs is a case of 
particular interest at the present time. While 
well-established classical computing 
techniques for simulating batteries already 
exist, they often struggle to obtain 
accurate and reliable results. However, 
quantum computing emerges as a 
potential framework to outperform them. 
Inspired by a previous work through the 
collaboration between Mercedes-Benz and 
IBM [1], we investigate key properties of 
battery-related compounds for their design 
and subsequent manufacture. We study 
the energy spectrum and the multipolar 
moments for different molecules using the 
variational quantum eigensolver (VQE) on 
simulators and IBM quantum processors. We 
exploit point-group symmetries [2] and 
meaningful active spaces to significantly 
reduce the amount of quantum resources 
required, which is highly valuable during 
the NISQ era. 
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Figures 
 

 
Figure 1: Diagram illustrating the representation 
of molecules in their ground state using a 
parametric quantum circuit, or ansatz, with k 
layers and 4 qubits. In our study, the initial state 
|Ψ0⟩ used is the Hartree-Fock state. 
 

 
Figure 2: LiH ground state computation for 
different bond lengths and its unit cell. Results 
computed simulating the ideal VQE (blue dots) 
and the noisy VQE (orange stars) are compared 
against the Hartree-Fock approximation (black 
line) and the CASCI classical computation (grey 
line). 
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Superconducting traveling wave parametric 

amplifier (TWPA) is essential in quantum 

sensing and quantum computers. Although 

standard coupled-mode theory can explain 

the amplification of the signal, it fails to 

describe complex behavior beyond the 

approximations utilized by the theory. In 

order to simulate a response of TWPA model, 

it is necessary to solve a system comprising 

many nonlinear equations numerically. The 

most common program that allows a 

simulation of such systems is WRspice. This 

program has already been successfully used 

to design some amplifiers [1],[2]. In this work, 

we used the new program JoSIM [3], which 

uses a different numerical scheme for 

solving Josephson junctions circuits. 
 

We developed a novel Josephson Junction 

Resonantly phase-matched TWPA design 

based on the already known one [4] using 

a nonlinear resonant element instead of a 

linear one. Our innovations allow us to 

achieve high gain and make our designs 

realistic for manufacturing. The impedance 

matching of the amplifier is ensured by a 

novel taper consisting of Josephson 

Junctions. We showed that such a taper 

suppresses ripples in the gain profile. The 

design was modeled using JoSIM and 

WRspice programs, 

considering realistic Josephson Junctions 

critical current spread in TWPA. Both 

programs provide similar gain magnitude, 

although slightly different gain profile. 

However, JoSIM simulates circuits much 

faster than WRspice. 
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The number of qubits is a scarce resource in 
current quantum computers. Recent works 
propose techniques to execute large 
quantum circuits in Quantum Processing 
Units (QPUs) with fewer qubits [1, 2]. Those 
techniques belong to a larger class of 
algorithms known as hybrid quantum 
algorithms in which specific quantum 
resources are simulated at the expense of a 
classical overhead. When cutting a circuit 
into two parts, the simulated resource is 
bipartite entanglement. In this case, the 
simulation overhead grows with the degree 
of entanglement between the parts of the 
cut. 
 
In this work, we present a method to 
execute arbitrary unitary operations in two 
separated QPUs using quasi-probability 
simulation. To achieve this, we employ a 
novel algorithm that finds local 
decompositions of arbitrary unitary 
channels. First, we construct a family of local 
quantum channels by reformulating the 
family of the local states introduced in [3]. 
Second, we create an algorithm which 
obtains a quasi-probability decomposition 
of the original unitary channel which 
minimises the overhead over all possible 
combinations of the elements of the local 
channel family. Our algorithm allows 
discarding those local channels with low 
contribution to the final channel. This permits 
the reduction of the circuit versions in the 
final execution obtaining an approximation 
to the original operator with high fidelity. 
 
We test the algorithm for two-qubit gates 
and the Quantum Fourier Transform (QFT) 

operator of arbitrary dimension. For two-
qubit gates, our algorithm obtains 
decompositions with optimal overheads as 
given by [4]. For the QFT operator, the 
algorithm obtains decompositions with 
overheads which are close to theoretical 
low. We observe that for some operators, 
our algorithm produces decompositions 
including non-unitary elements. The 
execution of these channels requires the use 
of extra ancillas. Further work will explore 
modifications to the original algorithm 
minimising the required ancillas. 
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Abstract  
 
Since the pioneering work [1] there has 
been considerable effort devoted to the 
theory of distilling multipartite entangled 
states [2] and, especially, GHZ states. We 
present optimized distillation schemes for 
preparing GHZ states. Our approach relies 
on training variational quantum circuits with 
white noise affected GHZ states as inputs.  
   Optimizing for a single iteration of the 
scheme, we find that it is possible to achieve 
an increased fidelity to the GHZ state, 
although further iterations decrease the 
fidelity. The same scheme, acting on 
coherently distorted pure-state inputs, is 
effective only in certain special cases.   
   We show that radically different results can 
be achieved, however, when one optimizes 
for the output after two iterations of the 
protocol. In this case, the obtained schemes 
are more effective in distilling GHZ states 
from inputs affected by white noise. 
Moreover, they can also correct several 
types of coherent pure-state errors. 
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Figures 
 

 
Figure 1: A schematic diagram illustrating the 
nonlinear protocol employed for GHZ distillation, 
considering a scenario involving two iterations. 
Three parties share two noisy GHZ states on 
which they perform local operations (denoted 
by the unitary operator U) and subsequent 
measurements (M). They communicate through 
classical channels to post-select the states by a 
consensus process for the next iteration. 
 

 
 

Figure 2: A schematic view of the variational 
algorithm consisting of a quantum circuit 
constructed by tuneable parametric gates 
of RX and RY rotations, as well as CNOT gates. The 
circuit encircled in the yellow box (representing 
the unitary U) is employed by each party 
independently at their location. Once each 
protocol step has been executed by the parties, 
the cost function (i.e., the fidelity to the GHZ 
state) is computed. Subsequently, a classical 
gradient ascent algorithm is employed to 
calculate the derivatives of the fidelity with 
respect to the parameters. The parameters are 
then updated according to the derivatives and 
the variational algorithm is run until the output 
fidelity converges to a final value. 
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The Bethe ansatz is an analytical method to
address exactly solvable models in
quantum mechanics. It has been shown
that the states of the Bethe ansatz can be
prepared by a deterministic quantum
circuit whose quantum gates were
determined numerically [1]. We report our
progress in recasting the Bethe ansatz as a
deterministic quantum circuit [2]. We
present the analytical expressions of the
quantum gates. Formulae rely upon
diagrammatic rules that define the wave
functions of the Bethe ansatz by
matrix-product states. Based on the
analytical expressions, we prove the
unitarity of the quantum gates. We use our
results to clarify on the equivalence
between the coordinates and algebraic
Bethe ansatze in light of matrix-product
states.
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Figures

Figure 1: Realisations of the Bethe ansatz: CBA,
ABA, and ABC. MPS lie at the core of the trio of
equivalences.
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Understanding decoherence in electronic 
excitations is pivotal for advancing solid-
state devices in quantum technologies. The 
single-electron sources (SESs), which 
generate narrow nonequilibrium electron 
excitations as potential flying qubits, are 
particularly sensitive to external noise. 
Previous experiment using high-energy SES 
[1] has shown that the electron excitations 
suffer a strong decoherence, measuring 
the quantum purity low as 0.04. This cannot 
be explained by traditional mechanisms 
such as electron-electron or electron-
phonon interactions, because the high-
energy excitations are effectively isolated 
from the Fermi sea and the phonons [2]. 
 
We propose timing noise [3] as a universal 
model, consistent with Ref. [1], to explain 
strong decoherence of ultrafast SES pulses, 
without resorting to any specific 
microscopic mechanism. The timing noise 
generates a stochastic ensemble of wave 
packets which are temporally translated, 
see Fig.1. The timing noise induces pure 
dephasing effect in energy basis. Namely,  
the coherence in energy components is 
suppressed when the time uncertainty of 
the noise is much larger than that of the 
wave packet, see Fig.2. We also propose a 
protocol to identify the timing noise, i.e., to 
decide whether a SES involves timing noise 
and to obtain its noise distribution. Finally, 
we show that an energy filtering can 
recover the coherence when the time 
elongation due to the filtering is larger than 

the time uncertainty of the timing noise. 
Our theory and protocol are applicable for 
any SESs with ultrafast voltage pulses.  
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Figures 

 
Figure 1: Single-electron sources with timing 
noise. At each emission (dashed lines), electron 
state χ is temporally translated by random 
timing shift τ, governed by probability 

distribution P(τ). 
 
 

 
 

Figure 2: Timing noise identification. (a)–(b) The 
density matrix in energy basis for the state 
detected in Ref. [1]. Our protocol shows that this 
state is the result of noisy SES emitting pure-state 
wave packet ψ, (c)–(d). 
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Attractive p-wave one-dimensional 

fermions are studied in the fermionic Tonks-

Girardeau regime in which the diagonal 

properties are shared with those of an ideal 

Bose gas. We study the off-diagonal 

properties and present analytical 

expressions for the eigenvalues of the one-

body density matrix. One striking aspect is 

the universality of the occupation numbers 

which are independent of the specific 

shape of the external potential [1]. We 

show that the occupation of natural 

orbitals occurs in pairs, indicating the 

formation of composite bosons, each 

consisting of two attractive fermions. The 

formation of composite bosons sheds light 

on the pairing mechanism of the system 

orbitals, yielding a total density equal to 

that of a Bose-Einstein condensate [2]. 

Additionally, we propose an alternative 

form of the Fermionic Tonks-Girardeau 

ground state.  
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Figure 1: Fermionic natural orbitals and 

composite boson density profile in a harmonic 

trap potential for an even number of particles. 

First and second columns, the first six natural 

orbitals, χk+(x) and χk−(x), respectively, 

corresponding to the three largest doubly 

degenerate eigenvalues k =1,2,3 of the OBDM. 

Third column, the first three composite boson 

density profiles Pk(x). 
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Abstract  
 
We study the magnetic and topological 
properties of the MoTe₂/WSe₂ moiré 
heterostructure by applying the tight 
binding model derived in Ref. [1] and 
supplemented with the onsite Coulomb 
repulsion terms. Through the use of mean 
field theory [2], we show the appearance of 
in-plane and out-of-plane spin 
magnetizations. The in-plane magnetic 
ordering realizes the 120 antiferromagnetic 
pattern. We analyse the evolution of 
magnetic states with changing carrier 
concentration and displacement field as 
well as study the emergence of topological 
features of the model in proper parameter 
regime. We discuss our results in the view of 
the Quantum Anomalous Hall effect 
reported recently by the experiment [3] as 
well as the Kondo lattice scenario proposed 
theoretically last year [4]. 
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The possibility to engineer a Kitaev chain in 
quantum dots coupled via superconductors 
has recently emerged as a promising path 
toward topological superconductivity and 
possibly nonabelian physics [1,2]. In this talk, I 
will discuss how some of the main 
experimental hurdles on this path can be 
avoided by using only local proximity effect 
on each quantum dot in a geometry 
resembling a two-dot version of the proposal 
in Ref. [3]. There is no need for narrow 
superconducting couplers, additional 
Andreev bound states, or spatially varying 
magnetic fields; it suffices with spin-orbit 
interaction and a constant magnetic field, in 
combination with control of the 
superconducting phase to tune the relative 
strengths of elastic cotunneling and an 
effective crossed-Andreev-reflection-like 
process generated by higher-order 
tunneling. We use a realistic spinful, 
interacting model and show that high-quality 
Majorana bound states can be generated 
already in a double quantum dot [4]. 
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Figure 1 Setup consisting of two coupled 
quantum dots (1,2) with superconductivity 
induced by local tunneling to a bulk 
superconductor (S). Tuning the magnetic flux  
drives the system to a Majorana sweet spot. 
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Dispersion forces between neutral atoms are 
the result of the coupling of the quantum 
fluctuations of the electromagnetic field in 
its vacuum state with the fluctuations of the 
atomic charges in (meta)stable states. In 
the electric dipole approximation, these 
forces are known as van der Waals (vdW) 
forces. 
In recent decades renewed interest has 
been drawn to the interaction between 
excited atoms. From a practical 
perspective, this is the kind of interaction 
between Rydberg atoms which makes 
possible the coherent manipulation of their 
quantum states, facilitating the 
entanglement between separated 
quantum systems as well as the storage of 
quantum information [1]. On the other 
hand, from a fundamental perspective, the 
attention has focused on different aspects 
of the interaction, namely, its scaling 
behaviour with the distance, its inherent 
time dependence, and the net forces 
induced by parity and time-reversal 
violation on a binary system [2,3]. 
Here we address this problem on a system 
made of two two-level identical atoms. 
Following a fully Hamiltonian and time-
dependent approach we show that, once 
the system is released with one of the atoms 
initially excited, two kinds of forces are 
involved in the interatomic interaction. On 
the one hand, conservative forces act 
along the interatomic axis. These forces are 
different on each atom, resulting in a net 
force upon the whole system. This apparent 
violation of the action-reaction principle is 
explained by the excess of linear 
momentum carried by the virtual photons 
which mediate the interaction. On the other 
hand, there exist nonconservative forces as 
a consequence of the time variation of the 
so-called Röntgen momentum which 
possess components orthogonal to the 

interatomic axis producing a net torque in 
the atomic system [4,5]. 
In the context of atomic arrays, both kinds of 
interactions might have implications on the 
improvement of coherence time and the 
directionality of the excitation transfer along 
the arrays, both determining the 
optimization of the scalability of multiple 
atom qubits [6,7].  
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Figure 1: Conservative Net Force on the system 
 

 
Figure 2: Non-Conservative Orthogonal Forces 
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Quantum Error Mitigation (QEM) [1] 
strategies are critical for dealing with noise in 
quantum computing systems in the Noisy-
Intemediate Scale Quantum (NISQ) era. 
Especially, zero noise extrapolation (ZNE) is 
one of the most promising QEM techniques 
for computing noise free expectation values 
[2]. However, conventional ZNE methods 
usually require a significant sampling 
overhead [1, 3], as a result of the increased 
estimation variance that arises from the 
extrapolation to the zero noise limit.  
 
In this study, we propose to leverage 
Maximum Likelihood (ML) estimation 
techniques to deal with this problem by 
accounting for sample variance in 
extrapolation. By integrating ML estimation 
into the ZNE framework, we aim to improve 
both the accuracy and efficiency of error 
mitigation strategies in noisy quantum 
systems. The main idea revolves around 
making a priori guesses of the sampling 
variance of the noisy measurements so that 
the function fitting protocol takes into 
account such variability by means of an ML 
estimator. 
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Quasicrystals (QCs), lattices displaying long-
range order without translational periodicity, 
have been shown to be topologically 
nontrivial [1]. They feature energy gaps 
linked to topological invariants, harbouring 
edge modes under specific conditions [2]. 
The Fibonacci quasicrystal (FQC), a 
prototypical example of a one-dimensional 
QC, comprises an aperiodic sequence of 
two alternating parameters. 
We consider Josephson junctions where 
superconductors with a finite phase 
difference are subjected to chemical 
potentials arranged in a Fibonacci 
sequence. The FQC arrangement, which 
may be implemented using local gates, 
introduces gaps and edge modes above 
the superconducting energy gap (Fig. 1a). 
We show that these edge modes develop 
superconducting correlations, with an 
intriguing dependence on the super-
conducting phase difference (Fig. 1b). This 
effect gives rise to a finite Josephson current 
which can even dominate the contribution 
from common Andreev bound states (ABS), 
see Fig. 2.  
The interplay between FQCs and the 
Josephson effect opens new avenues for 
exploring exotic phenomena with important 
consequences in topological super-
conductivity. 
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Figures 
 

 
 

Figure 1: a Sketch of a one-dimensional FQC 
Josephson junction, showing a delocalized 
quasicrystal mode (yellow) and a localized 
Fibonacci-Andreev bound state (FABS) (red). 
b Energy levels as a function of the 
superconducting phase ϕ. 
 

 
 

Figure 2: The FABS contribution to the 
supercurrent can dominate over the 
conventional ABS one.  
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Spanning over two decades, the study of 
qubits in semiconductors for quantum 
computing has yielded significant 
breakthroughs [1–3]. However, the 
development of large-scale semiconductor 
quantum circuits is still limited by challenges 
in efficiently tuning and operating these 
circuits. Identifying optimal operating 
conditions for these qubits is complex, 
involving the exploration of vast parameter 
spaces [4]. This presents a real ‘needle in the 

haystack’ problem, which, until now, has 

resisted complete automation due to 
device variability and fabrication 
imperfections [5]. In this study, we present 
the first fully autonomous tuning of a 
semiconductor qubit, from a grounded 

device to Rabi oscillations, a clear indication 
of successful qubit operation. We 
demonstrate this automation, achieved 
without human intervention, in a Ge/Si 
core/shell nanowire device. Our approach 
integrates deep learning, Bayesian 
optimization, and computer vision 
techniques. We expect this automation 
algorithm to apply to a wide range of 
semiconductor qubit devices, allowing for 
statistical studies of qubit quality metrics. As 
a demonstration of the potential of full 
automation, we characterise how the Rabi 
frequency and g-factor depend on barrier 
gate voltages for one of the qubits found by 
the algorithm. Twenty years after the initial 
demonstrations of spin qubit operation, this 
significant advancement is poised to finally 
catalyze the operation of large, previously 
unexplored quantum circuits.  
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Quantum dots (QDs) allow to control and 
manipulate the quantum mechanical 
properties of individual electrons using 
external potentials and electromagnetic 
fields. Their exquisite tunability as well as 
their long coherence times give them a 
central role in the development of 
quantum technologies, being the base for 
charge and spin qubits. However, QD 
states decohere due to charge fluctuations 
and random magnetic fields coming from 
the environment, limiting their use for 
applications. On the other hand, 
superconductors have played a central role 
in the development of quantum 
technologies, thanks to their macroscopic 
quantum properties.  
 
In this presentation, I will introduce a new 
qubit type based on the combination of 
quantum dots and superconductors, 
exploiting some of the advantages of both 
platforms. Bound states that appear in 
quantum dots coupled to superconductors 
can be in a coherent superposition of states 
with different electron number but with the 
same number parity. Electrostatic gating 
can tune this superposition to a sweet spot, 
where the quantum dot has the same mean 
electric charge independent of its electron-
number parity [1]. Here, we propose to 
encode quantum information in the local 
fermion parity of two tunnel-coupled 
quantum dots embedded in a Josephson 
junction [2]. At the sweet spot, the qubit 
states have zero charge dipole moment. 

This protects the qubit from dephasing due 
to electric field fluctuations. Depending on 
the strength of the tunnel coupling between 
the dots, the system is further protected 
towards either relaxation (weak tunneling) 
or dephasing (strong tunneling) from noise 
coupling separately to each quantum dot. 
We describe initialization and readout as 
well as single-qubit and two-qubit gates by 
pulsing gate voltages. 
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Figures 
 

 
 
Figure 1: Sketch of the proposed parity qubit, 
where two QDs (orange) couple to a 
superconductor (blue). The loop allows for 
phase control. 
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The chiral topological superconductor, 
which supports propagating nontrivial edge 
modes while maintaining a gapped bulk, 
can be realized hybridizing a 
quantum‑anomalous‑Hall thin slab with an 
ordinary s‑wave superconductor. We show 
that by sweeping the voltage bias in a 
normal‑hybrid‑normal double junction, the 
pattern of electric currents in the normal 
leads spans three main regimes. From 
single‑mode edge‑current quantization at 
low bias, to double‑mode edge‑current 
oscillations at intermediate voltages and up 
to diffusive bulk currents at larger voltages. 
Observing such patterns by resolving the 
spatial distribution of the local current in the 
thin slab could provide additional evidence, 
besides the global conductance, on the 
physics of chiral topological 
superconductors. 
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Figures 
 
 

 
Figure 1: (a) Sketch of the QAH slab with a TSC 
hybrid sector proximitized by a superconductor 
(not shown). (b,c,d) Sketches of the currents 
(red arrows) for low, intermediate and large 
applied voltages. The dotted black lines 
represent the TSC quasiparticle modes. 
 
 
 
 

 
 

Figure 2: Electric conductance G in the normal 
leads of a NSN junction as a function of the 
total bias V . We assumed a magnetic TI thin 
slab of width Ly = 1 μm with a central sector 

long Lx = 20 μm. The superconducting pairings 

are ∆1 = 1.5 meV and ∆2 = 0, and the other 

parameters of the effective Hamiltonian are the 
same as in Fig. 2. 
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In recent years, there has been interest in 
small-scale quantum error correction 
experiments such as scaling a surface code 
from distance d=3 to d=5 for supercon-
ducting qubits [1]. Neural network 
decoders can offer an alternative to 
conventional decoders, such as minimum-
weight-perfect-matching (MWPM) and 
variants, and can provide an advantage 
when dealing with non-conventional errors, 
such as leakage and crosstalk. Until 
recently, neural network decoders have 
only been applied to simulated data with 
Pauli errors. In our work, we apply a 
recurrent neural network to decode 
experimental data from several super-
conducting experiments. For experiments 
on d=3 and d=5 surface codes, with a 
decoder trained on simulated data but 
applied to experimental data, we show 
performance close to a Belief-Matching 
decoder, see Figure 1. We also show a 
decoding advantage in using soft 
measurement data [4]. For experimental 
data of a Surface-13 (only correcting bit-flip 
errors) experiment, we train and apply the 
neural network decoder with experi-
mentally available soft measurement infor-
mation and outperform MPWM with either 
soft or hard information, see Figure 2. We 
also show that the neural network decoder 
can use leakage information to improve its 
performance. Finally, we discuss how this 
method of decoding can be used for 
decoding logical gates and larger distance 
codes. 

This talk is based on the work carried out in 
Ref. [2] and Ref. [3]. 
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Figure 1: Logical error rate for different deco-
ders, including the neural network, evaluated 
on experimental data from d=3 and d=5 
surface codes [2] 

 

 
Figure 2: Logical error rate for the neural net-
work and MWPM decoders evaluated on ex-
perimental data using soft and hard measure-
ment information from a Surface-13 code [3] 
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Devices that present non-linear behaviour
are of much interest for their broad
applications ranging from thermodynamics,
chaos to metrology. A promising platform is
a suspended Carbon Nanotube (CNT)
containing an electrostatically defined
quantum dot. The electronic transport
couples to the mechanical degrees of
freedom of the CNT. When the coupling is
in the ultrastrong regime, the CNT
experiences a pronounced back-action
that leads to non-linear dynamics [1,2].
When the CNT is driven weakly, this
nonlinearity is presented as a softening of
the resonance frequency of the CNT.
However, when the CNT is subjected to a
strong driving, intrinsic non-linearities of the

mechanics take over. The main feature is
the emergence of arch-like resonances in
the electronic transport [3].

In this talk, we describe our physical model
that captures the combined interplay
between the intrinsic non-linearities of the
mechanics (modeled as a Duffing
oscillator) and the electromechanical
coupling under different driving regimes [4].
Finally, we show that our model is in good
agreement with our experimental electron
transport measurements.
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Finding ground state energies on current 
quantum processing units (QPUs) using 
algorithms like the variational quantum 
eigensolver (VQE) continues to pose 
challenges. Hardware noise severely
affects both expressivity and trainability 
of parametrized quantum circuits, limiting
them to shallow depths in practice. Here, 
we demonstrate that both issues can be 
addressed by synergistically integrating 
VQE with a quantum subspace expansion,
allowing for an optimal balance between
quantum and classical computing 
capabilities and costs. We perform a 
systematic benchmark analysis of the 
iterative quantum-assisted eigensolver of 
[1] in the presence of hardware noise. We
determine ground state energies of 1D 
and 2D mixed-field Ising spin models 
(MFIM) on noisy simulators and on the 
IBM QPUs ibmq_quito (5 qubits)
and ibmq_guadalupe (16 qubits). To 
maximize accuracy, we propose a 
suitable criterion to select the subspace 
basis vectors according to the trace of the
noisy overlap matrix. Finally, we show 
how to systematically approach the exact
solution by performing controlled 
quantum error mitigation based on 
probabilistic error reduction (PER) on the 
noisy backend fake_guadalupe.
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Figures

Figure 1: Paired iterative quantum-assisted
eigensolver calculations on fake_guadalupe 
using PER quantum error mitigation. Energy 
error per site as a function of subspace 
dimension for a 16-site MFIM.
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Abstract  
 
2D materials and their heterostructures have 
attracted tremendous research interest 
Since their unique mechanical, electrical 
and optical properties hold great potential 
in novel applications for electronics and 
optoelectronics. High-yield production of 2D 
materials and their vdWHs with high quality is 
a key to fundamental studies and especially 
industrial applications. Electrochemical 
intercalation has been proved a very 
promising approach that can delaminate 
the layered materials with high yield. Here 
we will show preparation of high-quality 
emerging 2D materials and their vdWHs by 
using electrochemical intercalation. At the 
end, the emerging trends, challenges, and 
opportunities in electrochemical 
intercalation are also highlighted.  
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Figures 

 
 

Figure 1: Ultrafast electrochemical synthesis 
of defect‐free In2Se3 flakes. 
 
 

 
 

Figure 2: High-throughput synthesis of van 
der Waals heterostructures through 
electrochemistry. 

 

 
Figure 3. Strain induced Raman Shift of B1g 
mode in TbMnO3 membranes. 
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Josephson junctions in Al/InAs nanowires 
host Andreev bound states1 (ABSs) and can 
be considered as a platform for realization 
of gate-tunable Andreev qubits2-4. An acute 
challenge of such architecture is to improve 
the coupling between an ABS and a 
microwave resonator. 
Here, we report microwave characterization 
of an Al/InAs nanowire weak link embedded 
in a superconducting loop with a lumped-
element resonator patterned from a thin 
NbTiN film with high kinetic inductance. We 
demonstrate that our approach offers a 
compact geometry, a high resonator 
impedance above 12 kOhm and 
remarkably large coupling rates between 
ABSs and the resonator mode reaching the 
value of 1.2 GHz. This result provides a basis 
for exploration of strongly correlated light–
matter states in cQED. 
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Figures 
 

 
 

Figure 1: (a) Differentially driven lumped 
element resonator coupled to a nanowire weak 
link. Inset: SEM picture of the nanowire 
Josephson junction. (b) Circuit equivalent of the 
device. (c) Gate-tunable microwave response.  
 

 
 

Channel Δ (GHz) τ δzp (Rad) 
1 13.95 0.282 0.121 
2* 15.5 0.2 0.121 

 

Figure 2: (a) Two-tone spectrum in dispersive 
regime. (b) Corresponding single-tone 
spectrum. Dashed lines show the fitted spectra. 
Table: parameters for a 2-channel fitting (Δ – 
ABS energy gap, τ – channel transmission, δzp – 
zero-point phase fluctuations in the weak link). 
*The second channel is introduced to account 
for all the higher energy states.  
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Time series prediction is a crucial task for
many human activities e.g. weather
forecasts or predicting stock prices. One
solution to this problem is to use the
Reservoir Computing paradigm [1]. The
purpose of the reservoir is to map the input
data into a computational space using
fixed and non-linear dynamical systems
(Fig. 1). In recent years, various quantum
dynamical systems have been proposed to
serve as reservoirs which can potentially
improve the prediction capability over the
classical reservoirs [2].
In our work we utilize the photonic quantum
memristor [3] to build a quantum reservoir.
We show that the photonic quantum
memristor is the source of a temporal
memory and non-linearity in the reservoir.
We evaluate the performance of the
reservoir using the standard task of NARMA
prediction [4], which contains a quadratic
temporal dependance. Our findings
indicate that a single memristor is sufficient
for the network to effectively learn the
NARMA task, maintaining an average
relative error of less than 5% (Fig. 2).
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Figures

Figure 1: Visualization of the reservoir computing

Figure 2: Results of the NARMA prediction. Top
row is the input fed to the quantum circuit
(gray). Second and third row shows the target
sequence (blue) and the prediction of the
reservoir with (orange) and without (green)
memristor. Bottom row presents the relative
errors of corresponding predictions.
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2D topological crystalline insulators (2D-TCI) 
represent an exotic quantum state of matter 
characterized by metallic edges states 
(MES) residing within a bulk band gap [1]. 
Unlike 2D topological insulators where the 
MES are protected by time-reversal 
symmetry, the edge states of a 2D-TCI are 
protected by crystal symmetries and are 
characterized by the Chern mirror 
topological invariant. The 3D SnTe is already 
a known 3D-TCI [1], hosting topological 
protected surface states instead of edge 
states, but it behaves as a trivial insulator 
when reduced to the few layers limit (less 
than 10 layers) [2]. In this work we show 
through DFT calculations that slowly 
compressing the few layers of SnTe leads to 
a gap-closing transition, and SnTe already 
starts behaving as a 2D-TCI on moderate 
compression of 2-3%, where a clear band 
inversion is observed. The intrinsic 
ferroelectric properties of the SnTe are also 
investigated within this regime, where the 
possibility of topological and ferroelectric 
phases coexisting is considered. We show 
that such compression can be achieved 
when bilayers of SnTe are grown on a 
NbSe2 substrate due to the 
incommensurability between their square 
and hexagonal cells. The topologically 
protected MES are clearly observed in 
dI/dV scans taken over the step edges of a 
bilayer to monolayers SnTe, where very 
clear and symmetric islands are obtained. 
This work opens the possibility for the 
engineering of such topological states by 
controlling the number of layers of SnTe, 

and y using different kinds of substrate, 
where its lattice parameter can then be 
tuned.  
 
 
References 
 
[1] Hsieh, T., Lin, H., Liu, J. et al. 

Topological crystalline insulators in the 
SnTe material class. Nat Commun 3, 
(2012) 982 

[2] Araújo, A.L., Ferreira, G.J. & Schmidt, 
T.M. Suppressed topological phase 
transitions due to nonsymmorphism in 
SnTe stacking. Sci Rep 8 (2018) 9452 

481



 

QUANTUMatter2024 
 

Avoiding decoherence with giant atoms in a 2D 
structured environment 

 
Ariadna Soro 
Emil Raaholt Ingelsten 
Anton Frisk Kockum 
 
Chalmers University of Technology, Department 
of Microtechnology and Nanoscience, 412 96 
Gothenburg, Sweden 
 
soro@chalmers.se 
 

Giant atoms [1] are quantum emitters that 
can couple to light at multiple discrete 
points, as has been demonstrated in recent 
experiments using superconducting qubits 
and microwaves [2-4]. Besides many other 
remarkable features, giant atoms have 
been shown to interact without decohering 
via a one-dimensional waveguide [2]. 
Here [5], we study how giant atoms behave 
when coupled to a two-dimensional square 
lattice of coupled cavities, an environment 
characterized by a finite energy band and 
band gaps. In particular, we describe the 
role that bound states in the continuum 
(BICs) play in how giant atoms avoid 
decoherence. By developing numerical 
methods, we investigate the dynamics of 
the system and show the appearance of 
interfering BICs within a single giant atom, 
as well as oscillating BICs between many 
giant atoms. In this way, we find the 
geometric arrangements of atomic 
coupling points that yield protection from 
decoherence. These results on engineering 
the interaction between light and matter 
may find applications in quantum 
simulation and quantum information 
processing. 
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Figures 
 

 
  
Figure 1: Sketch of the setup studied in this work. 
In particular, this shows two giant atoms in a 
braided configuration coupled to a 2D 
structured bath. The bath is modeled as a 
lattice of NxN cavities with nearest-neighbor 
coupling strength J. The atoms are two-level 
systems that are coupled to the cavities with 
strength gip at each coupling point, where i 
refers to the atom, and p to the connection 
point. The atomic transition frequencies are 
detuned from the bath frequency (i.e., from the 
middle of the band) by Δi.  
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Abstract (Century Gothic 11)

We  introduce  the  notion  of  fragile
dislocation modes,  confined to a specific
portion  of  a  topological  phase  while
otherwise  extending  into  the  bulk
continuum. As demonstrated in this work,
these  dislocation  modes  appear  in the
two-dimensional  Su-Schrieffer-Heeger
model.  Nevertheless,  their  presence  is
confined to a finite region characterized by
an  indirect  gap  at  high  energy.  The
dislocation modes appear as chiral pairs at
finite  energies,  enjoying  protection
through  a  combination  of  chiral  (unitary
particle-hole)  and  point  group  (C4v)
symmetries. Within this parameter range,
we  affirm  the  stability  of  these  defect
modes  by  tracking  their  localization  and
introducing  a  mild  chemical  potential
disorder  explicitly.  Consequently,  our
findings  bear  significance  for  the
experimental detection of such modes in
engineered  topological  crystals  and
classical metamaterials
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Figures

Figure 1: Two-dimensional (2D) Su-
Schrieffer-Heeger (SSH) model with a single 
dislocation.

Figure 2: Two chiral pairs of the fragile 
dislocation bound states in the topological 
phase. (a) E = 0.72 and (b) E = −0.72
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Abstract  
 
The quantum description of reality is still an 
intriguing and bizarre topic for many 
scientists because of its rich structure. In 
tackling the most fundamental questions 
within this domain, researchers often try to 
incorporate unconventional methods to 
explain some essential features acquired by 
quantum systems. Recently, Dragan and 
Ekert [2] postulated that considering the 
generalized Lorentz transformation, 
including a valid description of superluminal 
observers, may imply the emergence of 
multiple quantum mechanical trajectories. 
As a counterargument, we show that 
rigorous analysis of the generalized Lorentz 
transformation does not imply any 
correspondence between the classical 
concept of a definite path and the multiple 
paths of quantum mechanics. Furthermore, 
we point out that a comprehensive analysis 
of the structure of subluminal and 
superluminal reference frames leads to the 
conclusion that the absorption process is 
indistinguishable from the emission process 
as far as the superluminal reference frame is 
concerned. We indicate the preceding 
argument as the major cause of the illusory 
emergence of multiple quantum 
trajectories. 
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Figures 
 

 
 

Figure 1: Minkowski diagram presents an 
experiment in which a single photon is emitted 
by a source A, reflected by a mirror R, and 
absorbed by an atom B as seen from a 
subluminal reference frame 
 
 
 

 
 

Figure 2: The experiment from Fig.1 seen from 
the superluminal reference frame 
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Abstract 
 
The Clifford group plays a fundamental role 
in modern quantum computation and 
quantum information, because it can be 
efficiently simulated on classical hardware, 
and can be augmented to a universal 
quantum computer by just using additional T-
gates [1].  We investigate the spectral 
properties of random Clifford circuits, 𝑈, and 
that of the corresponding Liouvillian, 𝐿𝑈 . . . =
𝑈 … 𝑈+  [2]. The spectrum of 𝑈 is in one-to-one 
correspondence with that of 𝐿𝑈. The latter is 
in direct relation with the structure and 
distribution of periodic orbits, i.e., so-called 
Pauli strings 𝑆 that are transformed into 
themselves – apart from a possible sign, the 
parity of the orbit – after 𝐿 interations, 
(𝐿𝑈)𝑛 𝑆 = 𝜏 𝑆 .   
We build random brick-wall circuits, and 
sample the closed trajectories (periodic 
orbits), and determine the distribution of the  
eigenvalues 𝜆 = 𝑒  𝑖 𝜃 on the unit circle. The 
distribution 𝑃(𝜃) ≡ ⟨𝑃𝑈(𝜃)⟩𝑈 can be identified 
as the autocorrelation of the phases of the 
eigenvalues of 𝑈, and displays peculiar 
properties: extreme degeneracies as well as 
some level-repulsion, and has features 
reminiscent of a fractal pattern.   

To investigate the stability of orbits, we 
introduce 𝜋/4  phase shift gates (T-gates). 
We find that even a single T-gate 
completely changes the properties of the 
circuit [3]. By increasing the number of T-
gates, the correlation function rapidly 
approaches the random matrix theory 
result, characteristic of random unitary 
circuits. Nevertheless, some statistically 
significant fraction of non-trivial orbits persists 
at low T-gate densities [2]. 
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Figures 

 
Figure 1: Correlation function of eigenvalue 
phases 𝐶(𝜃𝑖 − 𝜃𝑗) for random Clifford circuits (a) 
without and (b) 𝑁𝑇 = 4 T-gates inserted. The red 
line corresponds to the analytical result for 
unitary matrices. 
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Abstract  
 
ZINC oxide (ZnO) based materials are the 
foremost metal oxides in technological 
utilization, with both monolayer and bilayer 
configurations experimentally verified. In this 
work, we developed interatomic potentials 
for studying the lattice thermal conductivity 
of monolayer and bilayer ZnO. We show 
that the structural parameters of the 
monolayer and bulk wurtzite can accurately 
be described by Stilinger-Weber (SW 
potential). Kolomogrov-Crespi potential is 
optimized for capturing the interlayer 
interaction of the bilayer system. We also 
show that the resulting potentials 
can be used to investigate structural 
relaxation in twisted bilayer ZnO. We studied 
the effect of twist angle on the thermal 
conductivity of the bilayer ZnO. 
  
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figures 
 

 
 

Figure 1: Phonon dispersion curves obtained 
using the DFT (black lines) and SW potential (red 
lines). 
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We consider a prepare-and-measure 
communication scenario, where Alice 
prepares a qubit state with an untrusted 
device chosen from a set of three states 
and sends it to Bob, who probes the 
state with an uncharacterized 
measurement device. We prove that an 
asymmetric configuration of the Bloch 
vectors associated with the qubit trine 
states can be certified in this prepare-
and-measure setup. To achieve this, we 
construct a linear functional W on the 
observed measurement probabilities 
based on a generalization of the biased 
2®1 quantum random access code (b-
QRAC). Namely, our witness W is defined 
as the sum of three suitable 2®1b-QRAC 
functionals. We compute a bound on 
this witness W that holds for any mirror 
symmetric configuration of the Bloch 
vectors of the prepared trine states. 
Besides, the overall maximum of the 
witness is also given, which is reached by 
preparing a specific set of states which 
we call target states. The difference 
between the above mirror symmetric 
witness value and the overall maximum 
witness value defines a so-called witness 
gap, which can only be zero if the Bloch 
vectors of the target trine states possess 
a mirror-symmetric configuration. The 
latter gap is used as a measure of the 
degree of asymmetry of the target trine 
states. By optimizing over the witness 

gap, we found that the most 
asymmetric three-qubit configuration 
defines a scalene right triangle inscribed 
in the Bloch sphere. In addition to the 
theoretical analysis, we have 
implemented our prepare-and-measure 
scenario on two publicly accessible 
quantum processors of different 
quantum technologies, where we found 
a violation of the mirror symmetric 
witness bound certifying an asymmetric 
configuration of trine states on both 
quantum processors. 
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Quantum dots defined in quantum wells in 
semiconductor heterostructures are a 
promising platform for realizing quantum 
computers. To explore what more the 
platform has to offer, we investigate the 
properties when electrostatic top gating is 
used to define quantum dots on bilayer 
quantum wells [1]. In doing so, we realize a 
vertically coupled double quantum dot, 
measured both in transport across a single 
hole transistor, then in charge sensing. We 
tune up to the single hole regime under a 
single plunger and find the (1,1) charge 
filling. We demonstrate virtualization of the 
double dot using surrounding barrier gates 
and find good evidence for the dots being 
vertically coupled by triangulation of the 
coupling to the surrounding gates, and 
electrostatic simulations.  
 
We demonstrate a vertical 2 x 2 array of 
quantum dots by accumulating under a 
second plunger, tuning to the (1,1,1,1) 
regime. By extending this to a four-plunger 
gate design, we form four vertically coupled 
double quantum dots. We obtain charge 
stability diagrams of four dots through the 
variation of two top plunger gates at a time, 
on both sides of the device at the same 
voltage point, resulting in a 2x2x2 quantum 

dot lattice. This is an exciting opportunity to 
extend the framework of gate-defined 
semiconductor quantum dots beyond 
planar implementations, for the 
development of quantum computation and 
simulation. 
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Figures 
 

 
 

Figure 1: Schematic of a heterostructure with 
two quantum wells, with two plunger gates. 
Beneath each plunger gate there is a vertically 
coupled double quantum dot accumulated. 
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Open science databases like C2DB Jarvis
and others provide access to thousands of
2D structures. Using this material as
fundamental building blocks in creating
new materials by stacking allows
development of amazing new materials
with properties that may be completely
different from those of the components.
However exploring the new space comes
with two bottlenecks. Firstly, the new space
of combinations is vast since the resulting
stacked material's properties depend not
only on the constituent materials but also
on the stacking method. Secondly,
evaluating the properties of new materials
is challenging with classical methods such
as DFT and other techniques. As a first step
in addressing this problem, we created
Latmatcher, a tool that allows you to stack
2D structures while minimising the supercell
size and predicting the properties of the
new material using a set of machine
learning algorithms. Such a tool can be
further integrated into other machine
learning pipelines, such as genetic
algorithms or reinforcement learning, to
expedite the evaluation step.
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Figures

Figure 1: Supercell generated by stacking
elements WSe2 on top of graphene, with the
supercell delimited with green .
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Quantum Cellular Automata [1] (QCA) are 
local dynamics over lattices of quantum 
systems with discrete time steps. They have 
many applications, from foundations of 
quantum mechanics [2] to Many Body 
Physics.  Most notably, they are proven to 
be a universal model of parallel quantum 
computation [3]. In particular, they offer 
promising architecture for the simulation of 
quantum field theories, as exemplified by 
the successful implementation of cold 
atoms on optical lattices or integrated 
quantum optic simulations.  
 
Given the universality of QCA in 
computation, a coarse graining procedure 
would find applications in designing 
experimental-accessible apparatuses for 
quantum simulation and computation. 
Indeed, by neglecting irrelevant degrees of 
freedom, computation can focus solely on 
those pertinent for the problem at hand, 
reducing computational and experimental 
efforts. We propose a procedure of Coarse 
Graining largely inspired by Israeli and 
Goldenfeld’s method for classical cellular 
automata [4].  
 
The main idea is to restrict the dynamics of 
N steps of a QCA to a subset of ‘relevant’ 
degrees of freedom: if this restriction is 
expressible as a single step of a QCA over 
the chosen subset, we say that the new 
automaton is a coarse graining of the 
original one. This allows us to describe the 
evolution neglecting irrelevant degrees of 
freedom. However, with this definition, not 
all QCA can undergo coarse graining; in 
general, is not always possible to choose a 
map that implements the restriction in such 
a way that what we get behaves like a 
QCA. We derive a necessary and sufficient 
condition for a general QCA to be coarse 
grained relating the original evolution and 
the restriction map. We then focus on the 

case of QCA over one dimensional lattices, 
leveraging a characterization of such QCA 
in terms of a local topological invariant 
called the index [5]. This allows to formulate 
the coarse graining conditions in terms of 
the structure of the original evolution, 
facilitating the analysis. Finally, we focus on 
the case of one-dimensional qubits QCA. 
This QCA are completely classified [5]. 
Exploiting this classification, we find all the 
possible qubit QCA that can be coarse 
grained. Those are particularly simple, and 
do not show interesting behavior. However, 
we have strong reasons to believe that this 
conclusion is an artifact of the limited 
number of subspaces within a qubit’s cell. 
Indeed, this strongly constrains the way we 
can select degrees of freedom. 
 
While this procedure aims to an exact 
coarse graining, it can also serve as starting 
point for non-exact methods. Relaxing 
conditions to allow small simulation errors 
extends the tool’s applicability to general 
scenarios. Furthermore, beyond practical 
application, this procedure can shed light 
on more theoretical questions, as the 
relation between the renormalization of the 
simulated field theories and the coarse 
graining of the underlying computational 
devices.  
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Strong spin-obit semiconducting nanowires 

(NWs) in proximity to a conventional  

superconductor have for some time now 

been the focus of research in the field of 

topological superconductivity. These 

topological states require strong Zeeman 

fields to emerge which puts constraints on 

device design and operation. A new set of 

NWs with such properties, in addition to a 

ferromagnetic insulator layer offer a 

possible relaxation of these constraint as 

they provide an intrinsic magnetic field 

inside the material. We report magneto 

transport measurements of Josephson 

devices implementing these hybrid NWs 

consisting of an InAs core with a 

ferromagnetic insulator EuS layer (covered 

by a protective Aluminium oxide cap) and 

contacted by two Al electrodes. This 

geometry shows a hysteretic behaviour in 

transport with respect to the axial applied 

magnetic field direction and bias current 

polarization. The hysteresis of the transport 

map suggests a significant effective 

Zeeman field in the material. 
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Figures 

 

Figure 1: SEM image of a typical NW used in the 

experiment and an illustration of the nanowire 

and its constituents in the top left corner.  

 

Figure 2: Differential resistance measurements of 

a InAs-EuS NW Josephson junction with the right 

panel representing the differential resistance 

after a 500 mT field was applied in positive 

direction along the nanowire axis and 

magnetic field is stepped from positive to 

negative values, vice versa for the left panel. 

Note the hysteresis of the map highlighted in 

the red and purple box. 
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Quantum processors based on 

superconducting qubits typically operate in 

a frequency range from 3 to 7 GHz. Raising 

the qubit frequencies beyond this well-

established frequency range could result in 

significant advantages including reduced 

residual mode populations, enhanced 

anharmonicities and the potential for 

operation at elevated cryogenic 

temperatures [1]. In this work, we study the 

properties of transmon-type supercon-

ducting qubits based on niobium 

electrodes and standard Al/AlOx/Al 

junctions with resonance frequencies up to 

20GHz. We observe a reduction in qubit 

lifetimes by two orders of magnitude for 

high-frequency qubits compared to 

standard devices operating around 4.5 

GHz. To investigate the source of the 

additional losses we measure the behavior 

of niobium (Nb) resonators in the same 

range. We find that the quality factors of 

the Nb resonators are nearly constant as a 

function of frequency, suggesting that 

Josephson junctions, particularly AlOx [2], 

are responsible for losses at higher 

frequencies. 
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Figure 1: Comparison of low- and high-

frequency resonators Qint vs photon number.  

Low frequency 4-7 GHz: Qint ≈ 3.3M at n ≈ 1  

High frequency 15-21 GHz: Qint ≈ 2.4M at n ≈ 1 

 

 

 

 

Figure 2: Relaxation time vs frequency of the 

planar on-chip flux-tunable transmon qubit. The 

inset shows spectroscopically resolvable 

interaction with low-coherent TLS. 
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Measuring nontrivial properties of quantum 
systems, such as entanglement measures 
and Bell inequality violations, poses 
significant challenges. The conventional 
method involves computing these metrics 
using the fully reconstructed density matrix 
of the system, necessitating comprehensive 
knowledge of the quantum system under 
investigation, whereas nonclasical 
correlations are invariant with respect to 
local unitary operations. 
To reduce the need to complete system 
information, one can employ multiple 
copies of the system and conduct joint 
measurements. While this approach was 
once deemed impractical due to the 
complexities of preparing and controlling 
quantum-correlated systems, recent 
advancements have made it viable, albeit 
with challenges such as nonlinear 
amplification of experimental noise. 
In our study, we successfully measured two-
qubit quantum systems for Horodecki and 
Werner states, utilizing the multicopy 
approach outlined in [1,2]. We performed 
measurements, on noiseless simulators as 
well as on real IBMQ quantum processors 
[3], to determine the negativity and 
nonlocality values. Our analysis involved a 
comparison with the conventional 
tomography-based method.  
To counteract the nonlinear approach's 
susceptibility to noise, we implemented a 
maximum likelihood method, leveraging 
physical constraints on jointly observed 
multicopy observables. 

Furthermore, employing SHAP analysis [4], 
we identified the impact of specific singlet 
projections on entanglement witnesses. 
Based on these findings, we showed that it 
is possible to train a neural network model 
to quantify nonlocality and negativity. 
 
 
Acknowledgments 
This work was supported by the Polish 
National Science Centre from funds 
awarded through the Maestro Grant No. 
DEC-2019/34/A/ST2/00081. 
 
 
References 
 
[1] K. Bartkiewicz, G. Chimczak, and K. 

Lemr, Phys. Rev. A 95, 022331 (2017). 
[2] K. Bartkiewicz and G. Chimczak, Phys. 

Rev. A 97, 012107 (2018). 
[3] IBM Quantum, https://quantum-

computing.ibm.com/, (2021). 
[4] S. M. Lundberg and S.-I. Lee, Advances 

in Neural Information Processing Systems 
30, Curran Associates, Inc., pp. 4765–
4774 (2017). 

 
 
 

 

 

 

 

 

493

https://quantum-computing.ibm.com/
https://quantum-computing.ibm.com/


 

QUANTUMatter2024 
 

Closed-loop optimisation of quantum states in a high 
Q bosonic mode 

 
Vasilisa Usova1, 2  
Ian Yang1, 2 
Phila Rembold4, 5, 6  
Marco Rossignolo3 
Simone Montangero4 
Gerhard Kirchmair1, 2 
 
(1) Institute of Quantum Optics and Quantum 
Information, Technikerstraße 21a, 6020 
Innsbruck, Austria 
(2) University of Innsbruck, Innrain 52, 6020 
Innsbruck, Austria 
(3) Qruise GmbH, D-66113 Saarbrücken, 
Germany 
(4) Dipartimento di Fisica e Astronomia “G. 

Galilei”, Universit`a degli Studi di Padova & INFN, 
Sezione di Padova, I-35131 Italy  
(5) Institute for Theoretical Physics, University of 
Cologne, D-50937 Cologne, Germany 
(6) Technische Universität Wien, Karlsplatz 13, 
1040 Wien, Österreich 
Vasilisa.Usova@oeaw.ac.at 
 
 
The generation of high-fidelity quantum 
states and multi-qubit gate operations is a 
fundamental requirement for quantum 
physics experiments. However, most 
experiments are guided by Hamiltonians 
containing terms that are either overlooked 
or imperfectly characterized. These 
imperfections are exacerbated by 
stochastic variations of the Hamiltonian or, 
more broadly, the instrument setup. 
Quantum optimal control methods offer a 
solution to mitigate these unwanted effects 
and achieve high-quality state preparation 
[1] and gate fidelities [2].  
Closed-loop optimization for generating a 
quantum state necessitates measurements 
after each iteration. For bosonic modes, this 
can become prohibitively expensive, as it 
requires consideration of the entire phase 
space for state reconstruction. We 
demonstrate that full state reconstruction is 
not necessary to improve fidelity, provided 
that an appropriate figure of merit (FOM) 
and suitable measurements are chosen.  
In our study, we utilize a high-Q Niobium 
cavity coupled to a superconducting 

transmon qubit to generate quantum states 
in a cavity mode. Employing a closed-loop 
optimization approach using the QuOCS 
library [3], we implement calibration 
techniques to maximize the fidelity of cat 
states (Fig. 1).  
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Figure 1: α = 3 cat before (top) and after (after) 
closed-loop optimization 
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We investigate the spin-transfer statistics in
one-dimensional anisotropic Heisenberg
(XXZ) spin models. We introduce a novel
tensor-network approach, with which we
extract high-order cumulants directly from
the generating function at unprecedently
long times. We can validate our approach
against quantum trajectory simulations –
which give access to the full distribution but
are limited to shorter times – allowing us to
compare cumulants up to the sixth order for
S=1/2 and S=1 spin chains.
S=1/2 spin chains are integrable, and at the
isotropic point (Δ=1) the variance of the
spin transfer is characterized by algebraic
growth in time with a superdiffusive z=3/2
exponent as for a Kardar-Parisi-Zhang (KPZ)
universal scaling. Fluctuations are weakly
non-Gaussian (e.g., excess kurtosis ≠ 0) but
incompatible with a Baik-Rains distribution,
in agreement with recent experiments on
quantum simulators [2] and with theoretical

predictions for classical magnets [3]. In the
easy-plane regime (Δ<1) transport is ballistic
with asymptotically Gaussian distribution. In
the XX limit (i.e., Δ=0), we can compare our
simulations with exact results, obtained by
fermionizing the spin chain. Remarkably, in
the diffusive easy-axis regime (Δ>1), we find
distinctively non-Gaussian fluctuations, and
cumulants consistent with those obtained
from Mainardi-Wright family distributions [3].
For non-integrable S=1 spin chains, we find
a distinctively different scenario. The spin
transfer in the easy-plane regime displays a
ballistic-to-diffusive crossover. Interestingly,
at the isotropic point, a resilient KPZ scaling
is observed, suggesting near-integrability.
The dynamical exponent drifts away from
the universal value z=3/2 logarithmically in
time, possibly towards a z=2 diffusive regime
– although we cannot numerically rule out
a z=5/3 Fibonacci-ratio exponent [4]. In all
regimes, we find fluctuations asymptotically
consistent with Gaussianity.
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Figures

Figure 1: Excess kurtosis for S=1/2 XX chain (Δ=0):
quantum trajectories and generating function.
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Abstract  
 
Quantum sensors leverage matter's 
quantum properties to enable 
measurements with unprecedented spatial 
and spectral resolution. Among these 
sensors, those utilizing nitrogen-vacancy 
(NV) centers in diamond offer the distinct 
advantage of operating at room 
temperature [2, 3]. Nevertheless, signals 
received from NV centers are often 
complex, making interpretation challenging 
[4]. This is especially relevant in low 
magnetic field scenarios, where standard 
approximations for modeling the system fail. 
Additionally, NV signals feature a prominent 
noise component. In this work, we present a 
signal-to-image deep learning model 
capable to automatically infer the number 
of nuclear spins surrounding an NV sensor 
and the hyperfine couplings between the 
sensor and the nuclear spins. Our model is 
trained to operate effectively across various 
magnetic field scenarios, requires no prior 
knowledge of the involved nuclei, and is 
designed to handle noisy signals, leading to 
fast characterization of nuclear 
environments in real experimental 
conditions. With detailed numerical 
simulations, we test the performance of our 
model in scenarios involving varying 
numbers of nuclei, achieving an average 
error of less than 2	kHz in the estimated 
hyperfine constants. 
 
 
 
 
 

Figures 
 

 
 

Figure 1: Schematic representation of SALI 
model, composed of a 1D → 2D Convolutional 
Neural Network (CNN) module for processing 
1D string data of NV measurements into a 2D 
image output, along with an image post-
processing module. 
 
 
 

 
 

Figure 2: (a) True output of the neural network. 
(b) Output predicted by the neural network. (c) 
Output after the image post-processing. (d) 
Evaluation of the post-processed output. 
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Rare-earth ions in solid-state hosts are a 
promising candidate for optically 
addressable spin qubits, owing to their 
excellent optical and spin coherence times. 
Recently, Eu3+-based molecular materials 
have also been shown to possess excellent 
optical coherence properties [1]. However, 
Eu3+-doped nanocrystals have a long 
optical lifetime of the 5D0-7F0 transition (T1,opt ~ 
ms) and a low branching ratio (<1%) [2], 
limiting single-ion experiments. Both issues 
can be solved by enhancing the emission of 
Eu3+ with high-finesse fiber-based 
microcavities. 
  
We study Eu3+-doped molecular crystalline 
materials and powders, exhibiting long spin 
lifetimes and narrow homogeneous 
linewidths at 4.2K [1,3]. On a single, 
macroscopic molecular crystal of 
[Eu(Ba)4(pip)] [see Figure 2], we measure 
narrow inhomogeneous linewidths, hour-
long spin T1, and photon echoes at <1K. 
Steps to integrate molecular crystals into a 
fiber cavity in the form of a crystalline thin 
film are reported. Open-access Fabry-Pérot 
fiber cavities have been demonstrated to 
achieve high quality factors and low mode 
volumes, while simultaneously offering large 
tunability and efficient collection of the 
cavity mode [4]. The home-built cavity setup 
was successfully integrated into a cryostat 
and demonstrated high mechanical stability 

during operation, which is required for 
cavity-enhanced ensemble spectroscopy. 
The presented results are important steps 
towards single-ion readout and control 
being necessary for scalable quantum 
registers. 
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Figures 
 

  
Figure 1: Left: Mononuclear Eu3+-based 
molecular complex [1]. Right: Narrow 
inhomogeneous line of the 5D0-7F0 transition 
measured in a powder sample. 

 
Figure 2: Left: Macroscopic molecular crystal on 
a copper holder was installed in a dilution 
refrigerator. Right: Measured two-pulse photon 
echo decay for the 5D0-7F0 transition.    

 
Figure 3: Left: Cavity integration of molecular 
crystals. Right: Single 2D – transmission raster 
scan of a crystalline region, carried out at room 
temperature. X- and Y-axes are pixel numbers.        
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Abstract 
 
Spontaneous vibrational Raman scattering is 
a ubiquitous form of light–matter interaction 
whose description necessitates quantization 
of the electromagnetic field. It is classically 
considered as an incoherent process 
because the scattered field lacks any 
predictable phase relationship with the in- 
coming field [1]. When probing an 
ensemble of molecules, the question 
therefore arises: What quantum state should 
be used to describe the molecular 
ensemble following spontaneous Stokes 
scattering? We experimentally address this 
question by measuring time-resolved Stokes–
anti-Stokes two-photon coincidences on a 
molecular liquid consisting of several sub-
ensembles with slightly different vibrational 
frequencies (Figure 1) [2]. When 
spontaneously scattered Stokes photons 
and subsequent anti-Stokes photons are 
detected into a single spatiotemporal 
mode, the observed dynamics is 
inconsistent with a statistical mixture of 
individually excited molecules. Instead, we 
show that the data are reproduced if 
Stokes–anti-Stokes correlations are 
mediated by a collective vibrational 
quantum, i.e. a coherent superposition of all 
molecules interacting with light. Our results 
demonstrate that the degree of coherence 
in the vibrational state of the liquid is not an 
intrinsic property of the material system, but 
rather depends on the optical excitation 

and detection geometry. Our work 
nourishes the debate about the relation 
between optical coherence, quantum 
coherence and entanglement [3, 4].  
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Figures 
 
 

 
Figure 1: Time-resolved Stokes–anti-Stokes 
correlations. Full circles represent the 
measured data points while the solid red 
line indicates the model prediction. The 
observed quantum beats are consistent 
with a macroscopic quantum superposition 
of four sub-ensembles of CS2 molecules 
(inset) sharing a single quantum of 
vibration. The dotted red line represents the 
multi-exponential decay that would result 
from a statistical mixture of single vibrating 
molecules. 
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Abstract 

Topological  phases  of  matter[1]  have
emerged  last  decades  as  an  important
research  area  in  condensed  matter
physics  owing  to  further  paradigms  on
the  classification  of  novel  quantum
phases  of  matter  beyond  the  Landau-
Ginzburg-Wilson  theory.  Also,  the
interplay  of  quantum  physics  and  the
environment  opens  the  possibilities  to
interesting  physics  phenomena,  where
the role of dissipation on the topological
order is important given the possibilities
of applications in material science[2] and
topological quantum computing[3]. In this
work,  we  implement  a  tensor  networks
[4,5] algorithm to investigate the effects
of dissipation on the symmetry-protected
topological  order.  We’ve  considered  the
Affleck-Kennedy-Tasaki-Lieb  spin  model
coupled with an environment where the
Lindbladian  master  equation  describes
dissipative  dynamics.  We  numerically
solve the Lindbladian master equation by
adapting the infinite time-evolving block
decimation method for mixed states [5].
We demonstrate that, for jump-operators
described  by  the Z2xZ2 group generator
elements we obtained a non-equilibrium
steady state with typical  properties of a
symmetry-protected topological  order[6].
We  also  bring  counter-examples  with
jump operators as geral spin rotations are
given, where no fingerprints of symmetry-
protected topological order are observed.
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Figures

Figure 1: String Order parameter(a) and 
Purity(b) of the non-equilibrium steady state. 
In that case, the jump-operators are described
by Z2xZ2 group generators.

Figure 2: The Entanglement Spectrum of the 
non-equilibrium steady state. The typical 
degeneracy is a robust fingerprint of a 
symmetry-protected topological phase.
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One-dimensional superconducting systems 
with p-wave pairing are known to reside in a 
topological class that can host non-trivial 
topological phases, with non-abelian 
anyons as topologically protected end 
states.[1-3] Superconductive p-wave pairing 
arises in systems where the effective 
electronic attraction favors Cooper pairs 
with a symmetric spin structure. In this work 
we show that superconductive p-wave 
pairing emerges as the result of interactions 
between electrons and magnons in a 
quantum wire and a helical magnet.[4] The 
magnon-mediated interaction favors p-
wave superconductivity over a large 
magnetic phase space region, and 
stabilizes topological superconductivity over 
an extended region of chemical potentials. 
The superconducting gap depends 
exponentially on the spin-electron coupling, 
allowing it to be enhanced through material 
engineering techniques. In addition, the 
non-collinear magnetic order induces an 
effective spin-orbit coupling and a Zeeman 
field among the electrons, that allows to 
realize an effective single-band regime over 
a finite range of chemical potentials.  Within 
the single-band regime, the system enters a 
topological phase, with unpaired Majorana 
bound states at each end of the wire. 
Crucially, both the size of the effective 
single-band regime and the 
superconducting gap are increasing 
functions of the spin-electron coupling g. 
Our proposal thereby identifies quantum 
wires in proximity to helical magnets as a 
promising platform to realize topological 
superconductivity, without the need to 
proximitize the wire to a conventional 
superconductor.   

Figures 
 

 
 

Figure 1: Principles of magnon-mediated 
superconductivity. a, Experimental setup with a 
quantum wire in proximity to a helical magnet. 
b, The helical magnetic order (orange arrows) 
induces an effective spin-orbit interaction and 
Zeeman splitting of the electronic bands via the 
spin-electron coupling g. Magnon fluctuations 
around the equilibrium magnetic order provide 
an effective attractive interaction among the 
electrons (blue arrows). c, Due to the non-
collinear magnetic structure, magnon 
fluctuations mediate scattering between 
electrons with arbitrary spin projections σi. 
 
 
 

 
References 
 
[1] A. Altland and M.R. Zirnbauer, Phys. 

Rev. B 55 (1997) 1142  
[2] A.Y Kitaev, Physics-Uspekhi 44 (2001) 

131 
[3] C.-K. Chiu, J. C. Y. Teo, A. P. Schnyder, 

and S. Ryu, Rev. Mod. Phys. 88 (2016) 
035005 

[4] F. Viñas Boström and E. Viñas Boström, 
”Topological superconductivity in 
quantum wires mediated by helical 
magnons” (2023), arXiv: 2312.02655 

 
 

 

 

 

500



Quantifying entanglement with global variances
Giuseppe Vitagliano1

Shuheng Liu2, Matteo Fadel3, Ayaka Usui4,
Qiongyi He2, Nicolai Friis1, Marcus Huber1, O.
Gühne5

1Atominstitut, TU Wien, 1020 Vienna, Austria
2Peking University, Beijing 100871, China
3 Department of Physics, ETH Zürich, 8093 Zürich,
Switzerland
4 Facultat de Fısica, Universitat de Barcelona,
E08028 Barcelona, Spain
5 Naturwissenschaftlich-Technische Fakultät
Universität Siegen, D-57068 Siegen, Germany

giuseppe.vitagliano@tuwien.ac.at

We introduce witnesses of entanglement
based on variances of collective operators,
such as the collective spin of ensembles of
atoms. These can be seen as
generalizations of the well-known
spin-squeezing criterion [1], which is
connected to quantum-enhanced
metrological schemes and is often used to
quantify entanglement in many-body
experiments [2].
We will show how such witnesses can be
used for the quantification of entanglement
via monotones. First in the case of
monotones which can be expressed as
minimizations over witnesses [3]. Afterwards,
we focus on the so-called Schmidt-number
or entanglement dimensionality, which
has been identified as an important
resource in quantum information
processing, and also as a main obstacle for
simulating quantum systems. Its certification
is often difficult, and most widely used
methods for experiments are based on
fidelity measurements with respect to highly
entangled states. Here, instead, we
generalize the well-known Covariance
Matrix Criterion (CMC) [4] to determine the

Schmidt number of a bipartite system. This is
potentially particularly advantageous in
many-body systems, such as cold atoms,
where the set of practical measurements is
very limited and only variances of
collective operators can typically be
estimated.
Finally, we show that particular instances of
such a general criterion can be evaluated
with the use of correlations between
measurements in randomized directions [5].
In particular, we find analytical boundary
curves for the different entanglement
dimensionalities in the space of second-
and fourth-order moments of randomized
correlations for all dimensions of a bipartite
system.

We then show how our method works in
practice, also considering a finite statistical
sample of correlations, and we also show
that it can detect more states than other
entanglement-dimensionality criteria
available in the literature, thus providing a
method that is both very powerful and
potentially simpler in practical scenarios.
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A MBE grown planar AlGaAs/AlAs 
microcavity can be monolithically 
integrated with a high-mobility 2-
dimensional electron gas (2DEG) in the 
center anti-node of the cavity. Strong 
coupling can be achieved in this type of 
structure. Using a magnetic field, the spin 
polarization of quantum Hall states (QHS) 
can be directly measured by circular 
polarization resolved resonance 
spectroscopy of the polariton states [1,2]. 
Full spin polarization at ν = 1 and rapid 

depolarization away from it was observed, 
consistent with the Skyrmionic nature of this 
state [2,3,4]. Current measurements of 
fractional states for ν < 2 are under scrutiny, 

as well as plans for improved devices for 
more robust QHS. 
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Figures 
 

 
 

Figure 1: Transmission spectra of a microcavity 
with an integrated 2DEG as a function of 
applied perpendicular magnetic field. The 
cavity energy is fixed close to the energy of 
Landau Level 0 at filling factor ν = 1. The white 
dashed lines indicate integer and fractional QHS. 
The change in polariton normal mode splitting 
comes from the change in oscillator strength. 
 
 

 
 

Figure 2: Spin polarization of the 2DEG around B 
= 2.67 T (ν = 1). The red data points are 
extracted from spectral sweeps such as the one 
presented Figure 1. The black dotted line is a fit 
of a Skyrmion model with Skyrmion size S = 8.1 
and Antiskyrmion size A = 4.0. 
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Tin telluride (SnTe) is a topological crystalline 
insulator [1] and hosts two-dimensional 
surface states. Moreover, SnTe is an 
acknowledged candidate as a higher order 
topological insulator (HOTI) [2]; this class of 
materials host hinge states on the boundary 
of two gapped surfaces, leading to 
conducting hinges and insulating bulk and 
surfaces. Thus far, HOTIs have not been 
experimentally confirmed , and detecting 
the 2D surface and 1D hinge states in this 
material is therefore an important 
fundamental advancement. 
We employ both normal state and 
superconducting devices, to determine the 
effect of 1D and 2D states on the transport 
properties of SnTe nanowires. In the normal 
state, conductance oscillations as a 
function of source-drain and backgate 
voltage are attributed to Fabry-Pérot 
resonances, hinting at (quasi-) ballistic 
transport through a topological surface or 
hinge state [3]. Furthermore, we form 
Josephson junctions using superconducting 
electrodes to investigate Shapiro patterns 
and look at the supercurrent distribution in 
magnetic field. Using both experiments, a 
distinction between lower dimensional 
transport and trivial bulk transport can be 
made [4]. 
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Figures 
 

 
 

Figure 1: SEM image of the general device 
architecture, consisting of a SnTe nanowire and 
contacts. For normal contacts, Ti/Au is used, 
and for Josephson junctions, Nb/Pd is 
deposited.  
 
 

 
 

Figure 2: AC Josephson effect, showing at least 
6 Shapiro steps, when irradiating the junction 
with 2.073 GHz microwaves. 
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The efficient spin-to-charge interconversion 
is currently one of the most important issues 
in spin electronics. The two main effects 
responsible for all-electrical charge-to-spin 
conversion are current-induced spin 
polarization and spin Hall effect as well as 
their inverse counterparts [1]. Many recent 
experiments performed on graphene-based 
hybrid structures revealed spin-orbit 
proximity effects strong enough to measure 
spin currents or spin polarization up to room 
temperature [2]. This, in turn, opened a new 
era of spintronics, i.e., a van-der-Waals 
spintronics, that couples charge, spin, and 
valley degrees of freedom. 
An important feature of spin-to-charge 
interconversion effects in graphene-based 
van-der-Waals systems is their strong 
tunability by external fields, e.g., by gating in 
the so-called ex-so-tic structures [3],  or by 
mechanical forces that can induce either a 
twist of graphene with respect to adjacent 
vdW layers [4] or strain in vdW layers that 
can significantly change the spin-orbital and 
magnetic proximity effects in graphene. 
In the first part of our presentation we will 
discuss our recent results concerning 
anomalous, spin, valley and spin-valley Hall 
effects controlled by gate voltage in the ex-
so-tic vdW system consisting of bilayer 
graphene sandwiched between 
semiconducting monolayer of transition 
metal dichalcogenide, TMDC, (e.g., WS2) 
and monolayer of  Cr2Ge2Te6 [5]. We have 
found that in such a case, both A(S)HE and 
VHE are simultaneously nonzero and strongly 

picked in a specific range of chemical 
potential and gate voltage.  
In the second part of the talk, we will present 
a detailed study of spin and valley Hall 
effects as well as spin polarization in 
graphene twisted with respect to monolayer 
of semiconducting TMDCs (we discuss results 
for twisted graphene on MoS2, WS2, MoSe2, 
and WSe2) and show that spin-to charge 
conversion strongly depends on the twist 
angle [6]. 
Our theoretical calculations are based on  
Green function formalism in the linear 
response limit adapted to effective low-
energy Hamiltonians derived from symmetry 
analysis and  DFT calculation [7]. 
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We focus our presentation on discrete-time 
quantum walks and their topological 
properties. Quantum walks are periodically 
driven (Floquet) systems. Their discrete 
model due to its simplicity may be a very 
powerful tool while studying complex 
systems. They’ve been studied both 

theoretically and experimentally [1]. As was 
previously shown even the most basic 
model of the quantum walk may have 
some interesting topological properties. 
Quantum walks can help study topological 
phenomena as was shown in [2-3] 
 
The dynamic of a quantum walk consists of 
two parts, the step of the walker and the 
coin toss. We can distinguish the topological 
properties of the quantum walk based on 
the coin toss operator.  
 
We define topological properties for 
translational invariant walks. Due to this 
symmetry, we define a unique map from the 
first Brillouin zone to the Bloch sphere. We 
want to infer the topological properties of 
discrete-time quantum walks only by 
studying this map. 
 
Until now the most popular way to 
approach the distinction of topological 
phases in quantum walks is the usage of a 
winding number. 
 
In a recent paper [5] we show possible issues 
regarding inferring the topological 
properties of a quantum walk only from 
studying the winding number. We propose a 

new approach. Using relative homotopy we 
propose a new topological invariant. We 
show that it agrees with previous models 
and more generalized ones. Our invariant 
indicates the number of edge states at the 
interface between two topological phases. 
We identify those states for arbitrary coin 
toss operators. Those states we found to be 
protected by PHS. We managed to find the 
exact form of topological edge states in the 
sharp edge model. 
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Figures 

 
Figure 1: Simulation of basic quantum walk with 
two distinct topological phases. The color of the 
legend imposes the probability of finding the 
walker in position “x” and time “t”. Simulations 

differ because of the initial state of the walker. 
On the left, the state of the walker is orthogonal 
to both edge states, in the middle one, the 
state has non-zero overlap with only one of the 
edge states whereas the right one has non-zero 
overlap with both edge states. 
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Abstract  
 
Ge-Si core-shell nanowires are 
semiconductors with large potential for both 
quantum and topological research. In this 
work, we employ an original interlayer 
approach instead of conventional diffusion 
method [1] to induce superconductivity in 
these wires (Figure 1). Subsequently, the 
intact Si shell not only prevents metallization 
[2] with controllable proximity gap for the 
advantage of topological studies, but also 
enables a rich interplay between 
superconductivity and energy quantization. 
For the latter, long ballistic channels 
facilitate the emergence of multiple 
Andreev bound states beneath the 2 μm 
long electrodes, forming a diverse subgap 
spectrum combined with quantization levels 
(Figure 2). Additionally, we observed a 
singlet-to-doublet ground state transition 
under increasing external magnetic field. 
Finally, we attribute an anomalous critical 
current enhancement with increasing 
magnetic field to quasiparticle cooling 
(Figure 3), supported by both experimental 
evidence and a theoretical model.  
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Figures 
 

  
Figure 1: (a) Schematics of an Al/Pd/Ge-
Si/Pd/Al device. (b) TEM image and (c) EDX 
mapping of a lamella cut on the cross section 
of a device as (a). TEM studies were performed 
by our collaborators at Eindhoven Technical 
University. 
 
 

 
Figure 2: Subgap states in the device. (a) and 
(b) Differential conductance versus bias 
voltage and backgate voltage at two different 
gate ranges. The black arrow highlights an eye-
shape subgap state.  
 
 

Figure 3:  Magnetic field dependence of the 
device. Differential resistance versus bias 
current and magnetic field rotated along (a) 
out-of-plane and (b) in-plane.  
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Fringe contrast loss is a prominent problem 
for atomic gravimetry applications on 
moving platforms. The non-inertial carrier 
motion leads to the change in the relative 
position between the atomic cloud and the 
Raman laser cross section. Along with the 
Inhomogeneous distribution of the Raman 
laser intensity distribution, this results in a 
modulated laser intensity and effective Rabi 
frequency felt by the atoms, which causes 
reduction in Raman pulse fidelity, additional 
parasitic paths and fringe contrast loss in the 
atom interferometer.  
In this work, the effects on both single 
Raman pulse fidelity and final fringe contrast 
due to transverse accelerations and 
attitude rotations have been investigated. 
The coupling between different motion 
components is analysed.  Fixed motion rates 
as well as random motion noises are studied. 
The quantitative results show a strong 
correlation with the gravimeter parameters. 
The compensation method is then proposed. 
By monitoring the carrier motion in real time, 
the pulse-to-pulse effective Rabi frequency 
fluctuation is dynamically estimated, which 
is thus corrected via quickly adjusting the 
Raman intensity or pulse duration. Fine 
compensation strategies considering the 
integration within the atomic cloud are 
comparatively discussed.  
A significant improvement of 18% in fringe 
contrast is achieved. 
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Figures 
 

 
 

Figure 1: Influence mechanism of carrier motion 
and its influence on single pulse fidelity 
 
 

 
 

Figure 2: Coupling effect of carrier transverse 
acceleration and attitude rotation on fringe 
contrast 
 

 

 
 

Figure 3: Fringe contrast compensation effect 
 

 

507



Simulating Strongly Correlated Phases in
One-Dimensional Rydberg Systems

Zeki Zeybek1,2

Peter Schmelcher1,2, Rick Mukherjee1

1Zentrum für Optische Quantentechnologien,
Universität Hamburg, Luruper Chaussee 149,
22761 Hamburg, Germany

2The Hamburg Centre for Ultrafast Imaging,
Universität Hamburg, Luruper Chaussee 149,
22761 Hamburg, Germany

zzeybek@physnet.uni-hamburg.de

Platforms based on neutral Rydberg atoms
are highly practical quantum simulators as
their large dipole moments provide tunable
strong interactions with different characters
and ranges. In this work, we consider a
system of neutral atoms that are modeled
as two-level systems with a pair of Rydberg
states, leading to both van der Waals and
dipolar interactions among the atoms.
Focusing on one-dimensional systems, we
provide two examples where we leverage
the van der Waals and dipolar interactions
of the Rydberg atoms to study ground
states with rich properties.

The first example considers a dimerized
chain of Rydberg atoms where the
competition between long/short-range
processes is illustrated. We identify
bond-ordered-density-wave (BODW)
phases that simultaneously exhibit density
wave and bond orders [1]. Including on-site
density modulation is shown to help stabilize
symmetry-protected topological BODW
phases at certain fillings [2]. We also find a
unique non-topological BODW phase
without any analog in the non-interacting

model. The second example includes the
strong nearest-neighbor interaction limit
where a constrained model with non-local
fluctuations from interacting Rydberg
atoms alongside local fluctuations is
considered. The combined effect of such
fluctuations drives the system from a
disordered phase to an intrinsically
quantum-ordered Rydberg crystal, which
was not previously reported in one
dimension. We provide an intuitive
explanation of the underlying physics and a
variational ansatz that describes both the
ordered and disordered regimes.

Our findings show that Rydberg atoms offer
an exceptional platform even in a simple
setup such as a one-dimensional lattice for
exploring the interplay between
short/long-range interactions and
fluctuation-driven phenomena that are
otherwise only possible to probe in
higher-dimensional and complicated
systems.
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Proximitized magnetic topological insulator 
nanoribbons (PMTINRs) are a potential 
platform for the practical realization of the 
Majorana zero-energy mode (MZM) [1]. 
Here, we present a realistic description of 
PMTINRs and similar superconductor-
topological insulator heterostructures. Both 
bulk and effective surface-state models are 
used to capture the low-energy electronic 
spectrum, with realistic parameters 
extracted from ab initio calculations. Using 
numerical simulations, we study in a tight-
binding framework the properties of 
PMTINRs. Particular attention is given to the 
thin-film limit, where theoretical results have 
been conflicting on the topology of the 
hybridization gap. Magnetic and 
nonmagnetic disorder, as well as device 
imperfections, can all be detrimental to the 
formation of MZMs in PMTINRs. We aim to 
clarify what are the optimal conditions to 
obtain MZMs in PMTINRs, that are robust 
against such effects 
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Germanium and silicon-based devices for 

quantum computing are experiencing a 

huge rise in popularity over the last few 

years. They have proven to be magnificent 

candidates for efficient qubit generation, 

and are flexible enough to hold different 

quantum computing paradigms. Based on 

the morphology and dimensionality of the 

devices they may act as either spin qubits 

or (topological) superconducting qubits. 

For this purpose, heterostructures 

contacting combinations of pure Ge, pure 

Si, and alloyed SiGe with varying Si/Ge 

ratios are successful candidates towards 

the obtention of qubits [1].  

Interestingly, the low effective mass and the 

electrically tuneable g factors that are key 

for the qubit performance closely correlate 

with the strained interface that rules the 

energy splitting. This constitutes an 

interesting materials science problem that is 

worth tackling at the high spatial resolutions 

the transmission electron microscope can 

offer, in search of local effects. Therefore, in 

the present contribution we present a new 

methodology that can sub-nanometrically 

map the band structure of semiconductor 

devices, and the novelty towards making it 

accessible, reproducible and fast for any 

material, specially for quantum materials. 

The proposed new methodology is based 

on the correlation of high-resolution low-loss 

electron energy loss spectroscopy (EELS) 

and strain mapping to link the 

accumulations of strain with bandgap shifts 

[2]. The novelty lies in being able to address 

the limitations this kind of spectroscopy 

implicitly have, and semi-automate the 

routine to enable generalising the 

methodology to new materials and 

systems. This semi-automation is based on 

spectral unmixing techniques, and the 

possibility to produce tailored simulations to 

retrieve the optical response of the 

materials. Therefore, we present a path 

from the generation of the model till is 

extrapolation to make it more general and 

applicable to any system. 
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Figures 

 

Figure 1:  Bandgap maps obtained from 

applying the proposed methodology to a 

ZnSe/ZnTe nanowire. 
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