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(materials) challenge: decoherence/scaling-up

Example: (superconductor) quantum computing

What material will be
used for future large-
scale fault-tolerant
guantum computers
(>~10° qubits?)

ENIAC-like?

What is the “silicon” (material) for guantum computing?

Superconductor Superconductor

e, el o Joeaphson juniction Common sources of decoherence in
@ . Superconductor Josephson Junction qubits:
- Arumil
Auminum 4O *  Phonons (less at very low T)

* Non-uniformity (tunnel barrier oxide)
* 2-level defects (fluctuating states) in (amorphous) oxide (AlOx)
* (low T) adsorbed O, molecules on superconductor (Al) surface ......

Aluminum
Substrate

Lisenfeld et al. Sci.Rep.’16

Martinis, McDermott, Yu et al.



h-BN as “clean dielectric” to reduce noise in devices:

superconductor Josephson Junctions/qubits

10P Publishing Journal of Physics: Condensed Matter

J. Phys.: Condens. Matter 33 (2021) 495301 (6pp) hitps://doi.org/10.1088/1361-648X/ac268f

A Josephson junction with h-BN tunnel
barrier: observation of low critical current
noise

Jifa Tian"23*©, Luis A Jauregui'*, C D Wilen®, Albert F Rigosi®®,
David B Newell®, R McDermott®® and Yong P Chen'-5:7:8:9:

h

Postdoc Jifa Tian
(now faculty @Wyoming)

Highly crystalline = u#
& insulating (6eV gap)

h-BN dielectric promises better Josephson junctions (?!):

e 2D atomic crystal — near perfect lattice and crystallinity

* Ultralow defects -- (shown to be “best” dielectric)

* Clean interface with other 2D material superconductors
- Better qubit (lower decoherence) & sensor (lower noise)
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h-BN as dielectric tunnel barrier in Josephson Junctions :
reduced noise
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- Promise to:
* reduce decoherence in SC qubits?
* better SQUIDs?



n’* . h-BN as “clean dielectric” to reduce noise in devices:
=~ graphene FET and electrodes

Highly crystalline ien A
& insulating (6eV gap)

APPLIED PHYSICS LETTERS 107, 113101 (2015) (!) o

Observation of reduced 1/f noise in graphene field effect transistors
on boron nitride substrates

Morteza Kayyalha'-? and Yong P. Chen'%:3:®

'Birck Nanotechnology Center, Purdue University, West Lafayette, Indiana 47907, USA

2School of Electrical and Computer Engineering, Purdue University, West Lafayette, Indiana 47907, USA
*Department of Physics and Astronomy, Purdue University, West Lafayette, Indiana 47907, USA
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Adding Defects (type 1) in h-BN: single photon quantum emitters

Xiaohui Xu, Zachariah O. Martin, Demid Sychev, Alexei S. Lagutchev, Yong P. Chen, Takashi Taniguchi, Kenji Watanabe,
Vladimir M. Shalaev, Alexandra Boltasseva, "Creating Quantum Emitters in Hexagonal Boron Nitride Deterministically on Chip-Compatible

Substrates", Nano Lett. (2021); doi:10.1021/acs.nanolett.1c02640

depths less than or
comparable to the
hBN flake thickness
- “pokes” hBN
without deforming
or damaging the
substrate

Xlaohw Xu
(Purdue)

Photoluminescence map

Atomic Force Ar annealing

Microscope (AFM
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Defect type-2 (V;-) --- spin defects in hBN
for qguantum sensing and magnetometry
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Presenter Notes
Presentation Notes
Summary

https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02495

Nuclear spin polarization and control in hexagonal Sense Paramagnetic Spins (in liquid)
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() Al can help us find (better) materials

» Identification of different classes of 2D materials

* Deep Learning Assisted Raman Spectroscopy for Rapid
Identification of 2D Materials and stacked combinations.
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Figure 1. The 2D material Raman spectra before and after data augmentation using DDPM: (a) BP, different 2D materials. [S,: BP-WSe, stack, S,: Te-ReS,-WSe,-Graphene
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Table 1: The average performance of ten-fold cross-validation comparisons

between the proposed method vs. baselines.

Y.Qi, D.Hu et al., "Recent Progresses in Machine Learning Assisted Raman Spectroscopy”,

Advanced Optical Materials, 2203104 (2023)


Presenter Notes
Presentation Notes
This study explores the application of deep learning techniques, specifically employing classificatory and generative deep learning, to enhance the analysis of two-dimensional materials through Raman spectroscopy.

 Addressing limitations in available data, the researchers propose a data augmentation method using Denoising Diffusion Probabilistic Models (DDPM) and develop a four-layer Convolutional Neural Network (CNN) for accurate classification of 2D materials.

 The results demonstrate the efficacy of DDPM in overcoming data constraints and achieving a remarkable 100% accuracy in the proposed DDPM-CNN model, highlighting the potential of deep learning-assisted Raman spectroscopy for precise and automated characterization of two-dimensional materials.


S/T1/S Josephson Junctions

See also recent review

I =1(¢p) S/I/SJosephson junctions

by D.van Harlingren et al’21

with L. Rokhinson et al. (PU)

Gate-tunable supercurrent in S/TI/S Junction
L.A. Jauregui
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Potential applications: to protect SC qubits (reduce noise/decoherence)
(using topology to) improve conventional SC quantum computing (not “topological QC”)

unconventional “skewed” current-phase relation (CPR)

0.4 1400 I(¢) = Z Ay sin(ng)
1200 n=12,.. - May enable more
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- > SC qubits (non-majorana)
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Coherentlight-matter interaction with atoms: optical “dressing”

iKx
4 Qg7

* RF/microwave fields: spin states
* Optical/Raman fields: spin-momentum states

Atom (d-levels) + Light :

0, Simulating a (dxd)
o - Matrix-Hamiltonian
SN

“gudit” (d=8)
(“3 qubits = 2®2®?2)

Synthetic “bandstructure” /spin-orbit coupling (SOC)

by Raman (optical) dressing

“matter”
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“dressed bands”

Energy [Er]

Eigenvalues E((1,p, ) and
Eigenstate (“dressed state”)
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c.f.Ding/YPC/S.Kai et al. "Spin-momentum entanglement
in a Bose-Einstein condensate", Phys. Chem. Chem. Phys. 22, 25669 (2020)




Quantum science & technologies based on a) @
“Spin-helical” particles
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* (spin-based) quantum control/chemistry
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Quantum Information for Quantum Matters/Materials

Develop new experimental methods: Quantum Sensing of guantum materials

<Traditional probes: 1 or 2-body correlation function>

Quantum R

Transport STM Scattering / (d)
Measurements

(a) (b) ()

®

Want: Array of Spin qubits in h-BN

_ E * ok

Quantum magnetic
Magnets fluctuation

- o

..you'd better

Complex, poorly-understood/controlled make it

QUANTUM §
MECHANICAL!

Well-controlled “simple”
quantum systems/sensors |
(e.g. “2-level system”
-- qubits, g-beams)

quantum systems
(e.g. complex quantum materials)

k - More direct probe of “quantum” (many-body wavefunction/correlation/entanglement)../

8/21/2024



Quantum sensing of (Magnetic/Spintronic) Quantum Materials

(a)

A. Solanki, S. I. Bogdanov,

A.Rustagi, N.R. Dilley, T.Shen,
M.Mushfiqur Rahman, W. Tong,

P. Debashis, Z.Chen,

J.Appenzeller, Y. P. Chen, V. M.

Shalaev, and P. Upadhyaya.
"Electric field control of

interaction between magnons

and quantum spindefects"”,
Phys. Rev. Res. 4, L012025
(2022)
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Twisted/Moire magnets
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quantum optics as a probe!)
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Original\Predicted Normal NCP CP
. o 939% | 61% | 0%
NCP 0% 100% | 0%
Wi 5o
L ———— CcP 0% 9.76% | 90.24%
Zhang et al.
Segmentation and Feature Extraction (classical Al) R
Image . tod Lower Dimensional
Raw CT Scan —— & : CEMENee .  Autoencoder > Feature
Segmentation  Scan :
Representation
(8x64x128x128)

(8x8x8x8)

Quantum Classification (quantum assisted Al)

NCP
— Normal
Y NCP vs CP
Pneumonia vs Normal .
: — Quantum-assisted Support
Quantum-assisted :
: Vector Machine
Support Vector Machine .
— Pneumonia (NCP, CP)
CP

(in this work, D-wave used to efficiently find parameters in the SVM)



Community Input welcome to a DOE QIS
Applications Road-Mapping Exercise

* yongchen@purdue.edu



Physics; ECE; Purdue Quantum Science & Engineering Institute (PQSEI); Birck Nanotechnology Center (BNC); Quantum Science Center (QSC); Center for Quantum Technologies (CQT)

Yong P. Chen: Quantum Materials meets Quantum Information

(mostly 2D/topological materials) (quantum sensing/computing/photonics..)
Graphene Semiconductors/Insulators Quantum Magnets Topological Insulators
(TMDCs, h-BN, etc.) (2D/twisted magnets, spin I|qU|ds) /superconductors/semimetals
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namre - natureele romcs
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\ / devices)
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Energy (eV)

Research Themes and Major Goals:

1) Develop/study novel quantum materials promising better/newer quantum devices/technologies (qubits, sensing, photonics)

2) Apply ideas/techniques from quantum information (sensing/optics) to develop new methods to measure quantum materials

Research Methods/Tools: materials/device (nano) fabrication; device/transport + SPM or Optical (magneto-optical, Raman, PL) spectroscopy; quantum sensing/optics
Group has/operates diverse experimental facilities locally (Physics + Birck Nano. Center/PQSEIl) and off-campus (national labs; international — Denmark & Japan)



Quantum Simulation and Quantum Chemistry with Cold Atoms at QMD Lab

PURDUE

QUANTUM"
SCIENCE

(Yong P. Chen) ’

CENTER

'@

NIVEZRSTIT

Cold atoms — “seeing” quantum mechanics & dynamics

We have an experimental system with laser-cooled atoms, where we
can dynamically control the Hamiltonian to quantum simulate various

novel quantum matter not easily realized in electronic materials.

A.l. Olson et aI Phys. Rev. A 87, 053613 (2013)

Coherent light-matter interaction — optical dressing to put atoms into quantum superposition states
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L) .
photon L8 (qy +k )2 — g Q
f f+Af o0 move move _|2zm™Y 2
¢ atoms fsoc = Q h?
\ °%e / upward PS / downward { (4, - kr)z
\L ;Af T photon 2 am
T atom , Q-0E, Q=15E Q-25E Q=335FE Q=43T, Q=53F
_ Spin-orbit coupling =2 I1) | - 2
dispersion of free atoms dispersion of Raman-"dressed" atoms é (‘) . 0N s 8 M . o [} } L 5 (1)
g -1 f“"-. !
energy \/ é 21 1) I} . . 2
1 | S | R )
— 4}/ min G min Spin (my)
Raman coupling !
Generation of 94,(t) ”
— E(g,) = h2(gy — o min)?/2m") synthetic magnetic = # = E, # =B,
quasimomentum figy 1= (b, — QA /(2my) and electric fields X

Atomtronic spintronics & quantum gas collider

Quantum matter in synthetic gauge fields & spaces

Quantum Control of (Photo)Chemical Reactions
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