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Spin An important physical carrier of quantum information
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Spin is one of the most robust, easily manipulated quantum degrees of

freedom.
Nuclear spin
Silicon-based
doping systems
Rich manipulation
techniques (magnetic,
- optical, electrical, etc.)
Atomic spin

nitrogen-vacancy
center

Longer coherence times

(nuclear spins: on the order
of seconds)

Semiconductor

Fullerenes quantum dots



Rich quantum nuclear spin dynamics
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e The time evolution

« Coherent manipulation

 Incoherent relaxation & decoherence

« Internal spin interactions (electrons,
nuclei, atoms, defects etc)

 External fields (magnetic, optical,
electronic)
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Nuclear spins in gases, liquids and solids

Simple spin dynamics Bloch Equation
Little intramolecular and

intermolecular spin interactions

T, =T,

Relative simple spin dynamics
Intramolecula spin interactions
T, and T, are still comparable

Spin-spin interactions

Complex spin dynamics
Strong intramolecula and intermolecular
spin interactions

I > T Quantum Liouville Equation

Lindblad Master Equation



Nuclear Magnetic Resonance ( NMR)
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Direct probes of nuclear spins
Nuclear spins are the engines of NMR.

/

NMR Spectroscopy :
Molecule Fingerprint

Pulse sequence: Controlling quantum spin dynamics



Mainstream Experimental Platforms (in our group)
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Gas ODMR

Ensemble weak-coupled spins
Spin-photon interface
High nuclear spin polarization

Spin dynamics
Quantum sensing

Liquid & solid NMR

Ensemble coupled spins
Low nuclear spin polarization
Mature pulse control

Multi-Spin dynamics
Quantum control/simulation

Semiconductor ODMR

i

1/\

Low-temperature
Ensemble/single coupled spins
Long nuclear spin lifetime
Spin-photon interface

High nuclear spin polarization

Multi-Spin dynamics
Quantum simulation/metrology



Application 1 — Quantum Sensing
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Ultra-Sensitive Magnetic Sensing & Imaging

Atomic optical magnetometers Bloch equation (Rb,K)

Alkali-metal (Rb, K)

For weak magnetic fields
Steady solution:

SERF magnetometers: The most sensitive magnetic
field measurement devices (0.16fT/Hz1/2 )




Hybrid spin systems
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Electronic spin Nuclear spin
Large magnetic moment Small magnetic moment
Short coherence time (>10ms) Long coherence time (>1h)
Low spin number (104cm-3) High spin number (10%cm-3)
Polarize Measurement Media?

Mixed? Advantageous?

Hybrid alkali metal - noble gas atomic spin systems

« Light induces transitions between different electronic states
* No direct transfer to nuclear spins from photon

* The coupling between electronic and nuclear angular momentum is
usually strong enough to provide an efficient transfer mechanism.



Spin dynamics in hybrid Alkali-metal & Noble-gas ensemble

NANANNNNS

The coupled Bloch equations

Electronic

spins T
(37Rb) )
Bias figld Effective fields

Nuclear ‘
spins -

(129X e) —l_ /

to be measured

Steady solution:

Field amplification Power saturation Resonance response
10



Spin dynamics in hybrid Alkali-metal & Noble-gas ensemble
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| U

On-resonance

Near-resonance

On-resonance Far-off-resonance

Far-off-resonance

Slope: Response to the
magnetic field

At least two orders of magnitude

Linear Nonlinear Saturated .
Improvement
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Quantum sensing with spin-based amplifier: First demonstration

SN
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- Quantum amplification of a magnetic field i

Magnetic field Xe amplifier Rb detector

2pT/HZY?

2 orders of magnitude

— 18fT/Hz!2

M. Jiang et al., Nature Physics 17, 1402 (2021)



Noble-gas magnetic ampliﬁcation: First demonstration
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Hybrid spins: Magnetic amplification Magnetic sensitivity
Alkali metal — — SBa

kall metal Y=AYMPT, 5By =3/
Noble gas Amp. Fermi-contact Final Alkali-metal
(*He, 12°Xe) factor enhancement sensitivity sensitivity

Amplification: ~128 ( Latest : 5400 ), Sensitivity: 18 fT/Hz1/2 ( Latest : 0.8fT/Hz'/?)
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Improvement: Noble-gas magnetic amplification

0 Y

Amp. Fact

128

500

1000

5400

® First realization
2021

® Floquet Amp.
2022

® Cooperative spins
2022

Dark spins

¢ 2024

v
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Improvement: sub-fT magnetic detection sensitivity
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System improvement

Large spin-destruction » smaller spin-destruction
Cross section cross section(five orders)
*Short noble gas coherence * Longer noble gas coherence
time(~10 s) time(~1000 s)

*Small noble gas * Larger noble gas
gyromagnetic ratio (0.0118 gyromagnetic ratio(0.0324
T/Hz) T/Hz)

Key experimental technologies

* High-quality hybrid atomic vapor cell with long coherence time
» Active and passive ultra-low magnetic noise shielding system
» Ultra-low noise high-power vacuum heating system

Guo et al., Phys. Rev. A 113, 032411 (2026)

Femtotesla-level sensitivity!
Latest result: 0.8fT/Hz1/2
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Nonlinear spin gas: Floquet maser
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Masing regime Floquet spins Freg. comb~130 lines
(Feedback) (Periodic driving) = (sub-mHz linewidth)

16



Floquet spin maser

S \laaaaaa
— . —
T\ Spin magnetometers based on the Floguet system i

Sci. Adv. 7, eabe0719 (2021)

Floquet sidebands

B Y
Sy °<]1(Uac) &

ac 2Uac

0B < v,

The best magnetic sensitivity in the ultra-low frequency range !

Bac

Commentary on Science Perspective

Professor Liu Renbao (recipient of the Lamb
Prize) commented, "A novel microwave
oscillator... It is expected to play a crucial role
in the search for ultra-light dark matter
particles... "
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Next opportunity: Strong coupling regime

e SN N N NN\ §

PNAS 2025 Vol. 122 No. 19 €2419683122

=)

Interference destructive:
Quantum de-amplification

Interference enhancement :
Quantum amplification

€e=-q

e=0

Fano response:
External magnetic
field interacts
with interacting

spin gases
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Opportunity: Interaction, Correlation, and Entanglement

NMOR effect

Nuclear spin amplification Nuclear spin squeezing
SERF effect Fano resonance effect Memory-based sensing
SQL: 1/+V/N SQL: 1/2VN Heisenberg Limit: 1/N

20



Application 2 — Zero- & Low-field NMR (ZULF)
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Molecule ﬁngerprinting Sci. Adv. 4, eaar6327 (2018)

/

—

0.01Hz
~ 0.5 Hz No supermagnet : small, portable, cheap

High resolution : linewith~0.01 mHz

600MIZ(Y ( 14T) Safety : e.g., for people with pacemaker

21
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Next opportunity: Hyperpolarized molecules
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Zero- & Ultra-low NMR

e SN N N NN\ §

Our review paper on {Fundamental Research)

Jiang, et al.,, Fundamental Research 1, 68 (2021)

23



Application 3 — Fundamental physics & particle physics
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Exotic interactions (e.g., axion-spin coupling) induce spin energy shift

Axion (dark matter)
Hamiltonian =

t \/r;]—eggaggfaE -BdV  Axion-photon

Frequency measurement, energy shift + gaff ncva- S AXIOn-Spln
¥ ¥ +eg(7¢)° gepmaS - E - Axion-gluon

Amplitude: Oscillation frequency:
Coupling strength Compton frequency
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SAPPHIRE project

Y e NA\N\N\\\\

—

—=.  Spin Amplifier for Particle PHyslcs Research

¢
SM

NI
o

Wang, Y., Huang, Y., Guo, C., Jiang, M & Budker, D., Sci. Adv.9, eade0353 (2023)
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Axion dark matter searches: Beyond astrophysical limit

e S\\\\\\\V

AXxion
~—" 2

Astrophysical limits Spin-amplification: 128

Astroghysical limits Sensitivity: 18fT/HzY/?
_________ 5 hours average: 130aT

<109GeV! (feV-peV)

AXxion-nucleon interaction:

Establish the most stringent limits on axion-nucleon coupling beyond astrophysical limits
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Application 3: Searching ultralight dark matter
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O Searching for different low energy regions for axions, Z'bosons and
dark photons, providing the latest new constraints

feV (1015eV)
l

Z :
Boson B

fev (105 eV)
I

peV (1012eV)
I

peV (1012eV)
I

neV (10°eV)
I

" neV (109eV)’

ueV (10°eV)
I

ueV (106eV)
I

meV (103eV)
I

meV (103eV)
I
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Correlation sensing via multiple-sensor network
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< Single sensor > < N-sensor network >

Localized noise is hard to SUPPress g Suppress the false alarm rate < p"
Detection deadzone Enhance sensitivity o 1/4/N
Can’t tell the orientation of DMSs Omni-directional detection

Network contains DM orientation Inf.

Ultralight dark matter with long de Broglie wavelength enables the network detection

1feV de Broglie wavelength ~
100 times the Earth diameter




Dark photon network searches ( AMAILS )
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New limits on dark photon dark matter

Collaboration with Yue Zhao, Jing Shu, Yifan Chen
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Correlation sensing via multiple-sensor network
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Nature 650, 314 (2026)

Collaboration with Szymon Pustelny 30
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The first nuclear-spin quantum senor network







Application 4 — Quantum many-body physics/quantum simulations

S \laaaaaa
—= QSD is the core research tool for exploring frontier fundamentalF
qguantum many-body problems
Geometrical oroc
phase PRX 2017
PRL2010
. Squeezing
—————————————— High-order Quantum quantum "
Hydrogen Three-body ToC uncertainty simulation
lecul int ti Lee-Y
S?:uf:tl;oen eractons PRL 2024 NPJQI 2019 eZeer::g PRL 2014
PRL2009 -—-—-—--—-------- Quantum-
PRL2010 T . mmmmmmmmomoo classical hybrid

Spin-boson

phase transition ~ Topological ghtimization PRL 2015 — o
G d stat izati phase B ‘
enr;l:\gleinae:t Factgfn;itlon NC 2021 NP 2018 PRL 2017 PY 32 Solid-state spins

PRL 2024 PS JMR 2016
PRA 2005  PRL 2008 a ; 1

0
il © JMR 2018
® — ¢ mmm @ MRL 2022

2 4 NP/PRL 2025

Few — Many, equilibrium — non-equilibrium



First Experimental Measurements of OTOC
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Phys. Rev. X 2017

OTOC

Citation LSQQ
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First Experimental Measurements of OTOC
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Following-up Experiments on OTOC
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Solid NMR Experiment by MIT group, PRL 2019

Trap lon Experiment by Maryland group, Nature, 2019

Superconducting Experiment by Google Group, Science 2021

Cold Atom Experiment by MIT Group, Science 2023

Tr[[W(0), V(]3] ~ e

T

Lyapunov exponent

None of these experiments sees well-defined
exponential behavior of OTOC and is able to
extract the Lyapunov exponent.

Why?

*

Imperfect



First experimental measurements of OTOC
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A first experiment to extract Lyapunov exponent in a many-body system
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Scramblon Theory for OTOC
Yingfei Gu, A. Kitaev and Pengfei Zhang, JHEP 2022

Scramblon Ansatz for OTOC with Imperfections

1
(1 + ae*t + hp2ext)*>

Fay(,1) =

H Verification

Scramblon
Ansatz
witha =0 No mitigation



Span a decade of close theoretical and experimental collaboration
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Yingfei Gu
Kitaev
Pengfei Zhang

Scramblon theory

Two papers recommended by
Physical Review

From pioneering OTOC
measurements to the first

extraction of quantum chaos
effects



First experimental measurements of OTOC
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Universality of non-equilibrium dynamics in complex spin systems
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nature physics All complex systems are driven
by extremely simple logic.
Article https://doi.org/10.1038/s41567-024-02664-0

Emergentuniversal guenchdynamicsin
randomly interacting spin models
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A universal
behavior for the
spin depolarization
guench dynamics
~ 1022 spins (~ 108 correlated spins)
(classically intact) y(t) = Acos(Qt + ®)exp(—At)
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Application 5 -- Correlated spin dynamics for Al QC
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High-Accuracy Temporal Prediction via Experimental Quantum Reservoir
Computing in Correlated Spins PRL 136, 120602 (2026)

Yanjun Hou®,"” Juncheng Hua®,"*" Ze Wu®,"* Wei Xia®,® Yuquan Chen,' Xiaopeng Li,*>%"" Zhaokai Li,**"*
Xinhua Peng®,“*"% and Jiangfeng Du®®!

A first experimental demonstration of quantum machine learning outperforming

large-scale classical models on real-world tasks. A daily climate dataset from Delhi

9 spin system

Intrinsic spin dynamics
/Exponentially large Hilbert
space & Complex correlations

Unitary and nonunitary

Larger spin systems
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Summary

NN

« Quantum spin dynamics studies the coherent evolution, relaxation and
collective behavior of quantum spins, and is the foundation of modern
quantum technologies.

« Diverse experimental platforms (NMR, QDs, NV centers, magnonics)
support versatile spin manipulation and research.

« Cutting-edge applications cover quantum sensing, computing,
spintronics, fundamental physics and interdisciplines, with great
development potential.

« Decoherence and scalability remain major obstacles. Future work will
focus on coherence protection, multi-spin precise control and device
practicalization.



Thanks to ......

/ ANNANNNNY

Prof. Jiangfeng Du

Collaborators:

Prof.
Prof.
Prof.
Prof.
Prof.
Prof.
Prof.

Dieter Suter
Dmitry Budker
Renbao Liu
Hui Zhai
Pengfei Zhang
Bei Zeng
Haidong Yuan

Funding:
USTC, CAS, NNSFC

Quantum
control
Quantum Quantum
simulation metrology

Spin magnetic
resonance

Quantum
agnetomete

Group members:

Prof. Min Jiang M. Jiang
Ze Wu (Postdoc.)

Haowen Su (Postdoc.)
Yuanhong Wang (Postdoc.)
Yuchen Li (Postdoc.)

Qing Li

Shiming Song

Minxiang Xu

Yushu Qing

Xingming Huang

44



Outlook
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Traditional NMR - : :
(iquid/solids) Hyperpolarized gas Hyperpolarized solids

Low polarization High polarization High polarization
High temperature High temperature Low temperature
Spin-spin interactions Weak Spin-spin interactions Spin-spin interactions
Quantum control Quantum metrology Quantum simulation

Quantum simulation Quantum metrology



