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Rich manipulation 
techniques (magnetic, 
optical, electrical, etc.)

Longer coherence times 
(nuclear spins: on the order 

of seconds)

Numerous candidate systems 
(atoms, molecules, quantum 

dots, etc.)

An important physical carrier of quantum information

Silicon-based 
doping systems

nitrogen-vacancy 
center

Fullerenes
Semiconductor 
quantum dots

Atomic spin

Nuclear spin

Spin is one of the most robust, easily manipulated quantum degrees of 
freedom. 
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• The time evolution
• Coherent manipulation
• Incoherent relaxation & decoherence
• Internal spin interactions (electrons, 

nuclei, atoms, defects etc)
• External fields (magnetic, optical, 

electronic)

Rich quantum nuclear spin dynamics
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Nuclear spins in gases, liquids and solids

Simple spin dynamics 
Little intramolecular and 
intermolecular spin interactions
!" ≈ !$

Relative simple spin dynamics 
Intramolecula spin interactions
!" %&' !$ are still comparable

Complex spin dynamics 
Strong intramolecula and intermolecular 
spin interactions
!" ≫ !$

Spin-spin interactions

Bloch Equation

Quantum Liouville Equation
Lindblad Master Equation



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

Pulse sequence: Controlling quantum spin dynamics

NMR Spectroscopy : 
Molecule Fingerprint
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Mainstream Experimental Platforms (in our group) 

泵浦 探测

Liquid & solid NMR Semiconductor ODMRGas ODMR

Ensemble coupled spins
Low nuclear spin polarization 
Mature pulse control

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

Quantum control/simulation Multi-Spin dynamics
Quantum simulation/metrology

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

Spin dynamics
Quantum sensing
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Application 1 – Quantum Sensing

Ultra-Sensitive Magnetic Sensing & Imaging

Alkali-metal (Rb, K) 

Bloch equation (Rb,K)

For weak magnetic fields

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

Steady solution: 
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Alkali atoms Noble gas

Large magnetic moment

Short coherence time (>10ms)

Low spin number (1014cm-3)

Small magnetic moment
Long coherence time (>1h)

High spin number (1019cm-3)

Mixed?  Advantageous? 

Electronic spin Nuclear spin

Polarize Measurement Media? 

• 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 
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The coupled Bloch equations

Bias field Effective fields

to be measured

Electronic 
spins
(87Rb)

Nuclear 
spins

(129Xe)

Field amplification Power saturation

Steady solution: 

Resonance response
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On-resonance

Near-resonance

Far-off-resonance

NonlinearLinear Saturated

Far-off-resonance

On-resonance

Slope: Response to the 
magnetic field
At least two orders of magnitude
improvement

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



of a magnetic field
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Magnetic field is amplified 
by a factor of more than 100!

Femtotesla-level sensitivity!
18fT/Hz1/2

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

2pT/Hz1/2

2 orders of magnitude 

18 fT/Hz1/2

Magnetic field Xe amplifier Rb detector
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Final
sensitivity

!B# = %!B& 'Σ = ) Υ M P T.
Amp. 
factor 

Amplification: ~128 （Latest：5400）, Sensitivity: 18 fT/Hz1/2（Latest：0.8fT/Hz1/2）
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Amp. Fact
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•Large spin-destruction 
cross section
•Short noble gas coherence 
time(~10 s)
•Small noble gas
gyromagnetic ratio (0.0118 
T/Hz)

System improvement

• 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

Key experimental technologies 

87Rb-129Xe 39K-3He

• smaller spin-destruction 
cross section(five orders)

• Longer noble gas coherence 
time(~1000 s)

• Larger noble gas 
gyromagnetic ratio(0.0324 
T/Hz)

Experimental setup
Guo et al., Phys. Rev. A 113, 032411 (2026)
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Floquet spins
(Periodic driving)

Freq. comb~130 lines
(sub-mHz linewidth)

Nonlinear spin gas: Floquet maser

Masing regime
(Feedback)
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Spin magnetometers based on the Floquet system

Sci. Adv. 7, eabe0719 (2021) 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... "The best magnetic sensitivity in the ultra-low frequency range ！

!" ∝ $%&

S( ∝ J((
γB-.
υ-.

) ≈ γ
2υ-.

B-.

Floquet sidebands



Interference destructive:
Quantum de-amplification

Interference enhancement：
Quantum amplification Fano response: 

External magnetic 
field interacts 
with interacting 
spin gases

∈=0∈=-q
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Next opportunity: Strong coupling regime

PNAS 2025 Vol. 122 No. 19 e2419683122



Alkali-metal 
spin gas

NMOR effect
SERF effect

Nuclear spin amplification
Fano resonance effect

Correlated alkali-
noble gas

Entangled spin 
gases

Noble
gas

Entangl
ement

Nuclear spin squeezing
Memory-based sensing

Opportunity: Interaction, Correlation, and Entanglement
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SQL: 1/ # SQL: 1/Σ # Heisenberg Limit: 1/#
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No supermagnet：small、portable、cheap

High resolution：linewith~0.01 mHz

Safety：e.g., for people with pacemaker

Sci. Adv. 4, eaar6327 (2018)

~ 0.5 Hz

600M谱仪（14T)

0.01Hz

Application 2 – Zero- & Low-field NMR (ZULF)

Molecule fingerprinting
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Next opportunity: Hyperpolarized molecules



Jiang Fundamental Research
23
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Application 3 – Fundamental physics & particle physics 

Frequency measurement, energy shift

Chadha-Day et al., Sci. Adv. 8, eabj3618 (2022)     23 February 2022
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in gigaelectron volts. What values could this take? The electroweak 
scale, ≈250 GeV, was one natural choice but is excluded experi-
mentally. Other scales in particle physics include the grand unified 
scale, O(1016) GeV, and the Planck scale, ∼1019 GeV, which is the 
highest scale where ordinary quantum field theory could possibly 
remain valid before quantum gravity becomes important. These 
considerations give only very rough guidance as to the value of fa 
and the mass of the axion: Below, we narrow their possible ranges.

The axion mechanism may be implemented in a wide variety of 
extensions to the Standard Model, which are the subject of much 
current research (22). In any axion model, we must introduce a new 
complex field F = ceiq, which gains a nonzero vacuum expectation 
value that breaks the PQ symmetry spontaneously. After this spon-
taneous symmetry breaking, the axion is related to the phase of F 
by a = Nfaq, where N is an integer, the “color anomaly,” which varies 
depending on the detailed realization of the PQ mechanism. Figure 3 
is shown for N = 4.

For the axion to solve the strong CP problem, the model must 
also include quarks that are charged under the PQ symmetry, which 
in turn mediate an interaction between the axion and the gluon 
force carriers of the strong nuclear force. There are two ways of 
achieving this. In one class of axion models, the Standard Model 
quarks are charged under the PQ symmetry (23, 24): These models 
have N = 6. This means that we have to add an extra Higgs doublet 
to the model to allow all of the Standard Model interactions to obey 
the PQ symmetry. In another class of models, we instead add extra 
heavy, electrically neutral quarks to the theory (25, 26). Only these 
extra quarks are charged under the PQ symmetry: The canonical 
version of this model has N = 1. The precise values of the axion’s 
mass and interaction strengths depend on these details of the model 
(see the Supplementary Materials).

Interactions
The axion does interact not only with quarks and gluons but also 
with the other particles in the Standard Model. We know that these 
interactions must be very weak for the axion to have evaded detec-
tion so far.

Particle interactions are governed by their symmetries, and the 
axion’s interactions are set by its pseudo-scalar nature. A pseudo- 
scalar field changes sign under a parity transformation, i.e., when 
looking at the universe in a mirror. If we assume that the overall 
interaction is unchanged by a parity transformation, then we find 
that only certain interactions are allowed for a pseudo-scalar 
particle. These can be expressed (schematically) by the nonrelativistic 
Hamiltonian

 H =  √ 
_

    e  0   ─  m  0        g  agg  ∫ aE · BdV +  g  aff   ℏc ∇ a ·  ̂  S  +  √ 
_

  e  0    (ℏc)   3     g  EDM   a ̂  S  · E  (5)

where a is the axion field measured in units energy; gagg is the 
axion’s coupling to photons, g (i.e., to electromagnetism), measured 
in units of inverse energy; gaff is the axion’s coupling to matter 
particles, which are fermions, f (the coupling depends on the parti-
cle in question, we write just one case for simplicity); gEDM is the 
strength of a nuclear EDM induced by the axion; E and B are 
the electric and magnetic fields; and   ̂  S   is the direction of the spin of the 
matter particle in question. e0 and m0 are the permittivity and 
permeability of free space, respectively, constants associated with 
electromagnetism; ℏ is the reduced Planck’s constant, which param-
eterizes the size of quantum effects; and c is the speed of light.

These interactions are very different from the interactions of a 
scalar particle, which can couple directly E2 − B2 (the scalar Maxwell 
term) and to the masses of matter particles. This means that light 
scalar fields can mediate extra long-range forces, and their interactions 
with Standard Model particles are therefore very tightly constrained 
by the nonobservation of these extra forces. In contrast, the couplings 
of pseudo-scalar particles to E · B and to the spins of matter particles 
(27, 28) make them much harder to detect.

What would the axion’s interactions with photons and with 
matter particles look like experimentally? Via its interaction with 
E · B, axion DM would look like an additional electrical current or 
anomalous magnetic field (29). More generally, Maxwell’s equations 
of electromagnetism are modified by the addition of the axion field. 
Further details on how axions modify Maxwell’s equations of 
electromagnetism are discussed in the companion experimental 
review. Via its coupling to nuclear and electron spins, axion DM 
would cause these spins to precess, as they would in a magnetic 
field, but now with an anomalous magnetization caused by the 
invisible presence of the axion field (30, 31).

What are the strengths of the axion’s interaction with Standard 
Model particles? How large are the coupling constants gi in the 
Hamiltonian (Eq. 5)? We know that the interactions must be very 
weak, or we would have found axions already. We expect the axion’s 
couplings to be inversely proportional to the scale of symmetry 
breaking

   g  i   ∼   1 ─  f  a       (6)

This is a consequence of one of the most fundamental ideas in 
particle physics, namely, effective field theory (32), which tells us to 
expect the axion’s interactions to scale inversely with the energy 
scale at which the symmetry giving rise to it originates. As this 
energy fa could be very high, the axion’s interactions could be very 
weak, as required by the experimental constraints. Comparing 
Eqs. 3 and 6, we see that the axion’s couplings obey

   g  i   ∝  m  a    (7)

This is true for most models of the QCD axion, whose couplings 
are generally proportional to its mass, although this relationship 
can be broken in some specific models of the QCD axion. In addi-
tion, as we will see later, the axion is just one particle in the broader 
class of ALPs discussed in more detail below. These ALPs need not, 
in general, solve the strong CP problem or couple to gluons. This 
means that their mass could take any value and need not be propor-
tional to their couplings, and the constants of proportionality differ 
wildly for different ALPs. ALPs could therefore be very weakly 
coupled and hence extremely difficult to detect experimentally. 
Alternatively, nature may provide us with more strongly coupled 
ALPs that can be detected more readily, as discussed below. By 
contrast, for a canonical QCD axion of a given mass, we can predict 
the approximate size of the couplings to Standard Model particles, 
providing a definite target for experimental searches. Further details 
are given in the Supplementary Materials.

The interaction between DM axions or ALPs with particles and 
forces in the Standard Model leads to a wide variety of ways to 
search for them. Initially, in the 1980s up to 2010 or so, experiments 
were few and far between. There was just one viable method, the 
microwave cavity haloscope, and the axion interactions are too 
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in gigaelectron volts. What values could this take? The electroweak 
scale, ≈250 GeV, was one natural choice but is excluded experi-
mentally. Other scales in particle physics include the grand unified 
scale, O(1016) GeV, and the Planck scale, ∼1019 GeV, which is the 
highest scale where ordinary quantum field theory could possibly 
remain valid before quantum gravity becomes important. These 
considerations give only very rough guidance as to the value of fa 
and the mass of the axion: Below, we narrow their possible ranges.

The axion mechanism may be implemented in a wide variety of 
extensions to the Standard Model, which are the subject of much 
current research (22). In any axion model, we must introduce a new 
complex field F = ceiq, which gains a nonzero vacuum expectation 
value that breaks the PQ symmetry spontaneously. After this spon-
taneous symmetry breaking, the axion is related to the phase of F 
by a = Nfaq, where N is an integer, the “color anomaly,” which varies 
depending on the detailed realization of the PQ mechanism. Figure 3 
is shown for N = 4.

For the axion to solve the strong CP problem, the model must 
also include quarks that are charged under the PQ symmetry, which 
in turn mediate an interaction between the axion and the gluon 
force carriers of the strong nuclear force. There are two ways of 
achieving this. In one class of axion models, the Standard Model 
quarks are charged under the PQ symmetry (23, 24): These models 
have N = 6. This means that we have to add an extra Higgs doublet 
to the model to allow all of the Standard Model interactions to obey 
the PQ symmetry. In another class of models, we instead add extra 
heavy, electrically neutral quarks to the theory (25, 26). Only these 
extra quarks are charged under the PQ symmetry: The canonical 
version of this model has N = 1. The precise values of the axion’s 
mass and interaction strengths depend on these details of the model 
(see the Supplementary Materials).

Interactions
The axion does interact not only with quarks and gluons but also 
with the other particles in the Standard Model. We know that these 
interactions must be very weak for the axion to have evaded detec-
tion so far.

Particle interactions are governed by their symmetries, and the 
axion’s interactions are set by its pseudo-scalar nature. A pseudo- 
scalar field changes sign under a parity transformation, i.e., when 
looking at the universe in a mirror. If we assume that the overall 
interaction is unchanged by a parity transformation, then we find 
that only certain interactions are allowed for a pseudo-scalar 
particle. These can be expressed (schematically) by the nonrelativistic 
Hamiltonian

 H =  √ 
_

    e  0   ─  m  0        g  agg  ∫ aE · BdV +  g  aff   ℏc ∇ a ·  ̂  S  +  √ 
_

  e  0    (ℏc)   3     g  EDM   a ̂  S  · E  (5)

where a is the axion field measured in units energy; gagg is the 
axion’s coupling to photons, g (i.e., to electromagnetism), measured 
in units of inverse energy; gaff is the axion’s coupling to matter 
particles, which are fermions, f (the coupling depends on the parti-
cle in question, we write just one case for simplicity); gEDM is the 
strength of a nuclear EDM induced by the axion; E and B are 
the electric and magnetic fields; and   ̂  S   is the direction of the spin of the 
matter particle in question. e0 and m0 are the permittivity and 
permeability of free space, respectively, constants associated with 
electromagnetism; ℏ is the reduced Planck’s constant, which param-
eterizes the size of quantum effects; and c is the speed of light.

These interactions are very different from the interactions of a 
scalar particle, which can couple directly E2 − B2 (the scalar Maxwell 
term) and to the masses of matter particles. This means that light 
scalar fields can mediate extra long-range forces, and their interactions 
with Standard Model particles are therefore very tightly constrained 
by the nonobservation of these extra forces. In contrast, the couplings 
of pseudo-scalar particles to E · B and to the spins of matter particles 
(27, 28) make them much harder to detect.

What would the axion’s interactions with photons and with 
matter particles look like experimentally? Via its interaction with 
E · B, axion DM would look like an additional electrical current or 
anomalous magnetic field (29). More generally, Maxwell’s equations 
of electromagnetism are modified by the addition of the axion field. 
Further details on how axions modify Maxwell’s equations of 
electromagnetism are discussed in the companion experimental 
review. Via its coupling to nuclear and electron spins, axion DM 
would cause these spins to precess, as they would in a magnetic 
field, but now with an anomalous magnetization caused by the 
invisible presence of the axion field (30, 31).

What are the strengths of the axion’s interaction with Standard 
Model particles? How large are the coupling constants gi in the 
Hamiltonian (Eq. 5)? We know that the interactions must be very 
weak, or we would have found axions already. We expect the axion’s 
couplings to be inversely proportional to the scale of symmetry 
breaking

   g  i   ∼   1 ─  f  a       (6)

This is a consequence of one of the most fundamental ideas in 
particle physics, namely, effective field theory (32), which tells us to 
expect the axion’s interactions to scale inversely with the energy 
scale at which the symmetry giving rise to it originates. As this 
energy fa could be very high, the axion’s interactions could be very 
weak, as required by the experimental constraints. Comparing 
Eqs. 3 and 6, we see that the axion’s couplings obey

   g  i   ∝  m  a    (7)

This is true for most models of the QCD axion, whose couplings 
are generally proportional to its mass, although this relationship 
can be broken in some specific models of the QCD axion. In addi-
tion, as we will see later, the axion is just one particle in the broader 
class of ALPs discussed in more detail below. These ALPs need not, 
in general, solve the strong CP problem or couple to gluons. This 
means that their mass could take any value and need not be propor-
tional to their couplings, and the constants of proportionality differ 
wildly for different ALPs. ALPs could therefore be very weakly 
coupled and hence extremely difficult to detect experimentally. 
Alternatively, nature may provide us with more strongly coupled 
ALPs that can be detected more readily, as discussed below. By 
contrast, for a canonical QCD axion of a given mass, we can predict 
the approximate size of the couplings to Standard Model particles, 
providing a definite target for experimental searches. Further details 
are given in the Supplementary Materials.

The interaction between DM axions or ALPs with particles and 
forces in the Standard Model leads to a wide variety of ways to 
search for them. Initially, in the 1980s up to 2010 or so, experiments 
were few and far between. There was just one viable method, the 
microwave cavity haloscope, and the axion interactions are too 
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in gigaelectron volts. What values could this take? The electroweak 
scale, ≈250 GeV, was one natural choice but is excluded experi-
mentally. Other scales in particle physics include the grand unified 
scale, O(1016) GeV, and the Planck scale, ∼1019 GeV, which is the 
highest scale where ordinary quantum field theory could possibly 
remain valid before quantum gravity becomes important. These 
considerations give only very rough guidance as to the value of fa 
and the mass of the axion: Below, we narrow their possible ranges.

The axion mechanism may be implemented in a wide variety of 
extensions to the Standard Model, which are the subject of much 
current research (22). In any axion model, we must introduce a new 
complex field F = ceiq, which gains a nonzero vacuum expectation 
value that breaks the PQ symmetry spontaneously. After this spon-
taneous symmetry breaking, the axion is related to the phase of F 
by a = Nfaq, where N is an integer, the “color anomaly,” which varies 
depending on the detailed realization of the PQ mechanism. Figure 3 
is shown for N = 4.

For the axion to solve the strong CP problem, the model must 
also include quarks that are charged under the PQ symmetry, which 
in turn mediate an interaction between the axion and the gluon 
force carriers of the strong nuclear force. There are two ways of 
achieving this. In one class of axion models, the Standard Model 
quarks are charged under the PQ symmetry (23, 24): These models 
have N = 6. This means that we have to add an extra Higgs doublet 
to the model to allow all of the Standard Model interactions to obey 
the PQ symmetry. In another class of models, we instead add extra 
heavy, electrically neutral quarks to the theory (25, 26). Only these 
extra quarks are charged under the PQ symmetry: The canonical 
version of this model has N = 1. The precise values of the axion’s 
mass and interaction strengths depend on these details of the model 
(see the Supplementary Materials).

Interactions
The axion does interact not only with quarks and gluons but also 
with the other particles in the Standard Model. We know that these 
interactions must be very weak for the axion to have evaded detec-
tion so far.

Particle interactions are governed by their symmetries, and the 
axion’s interactions are set by its pseudo-scalar nature. A pseudo- 
scalar field changes sign under a parity transformation, i.e., when 
looking at the universe in a mirror. If we assume that the overall 
interaction is unchanged by a parity transformation, then we find 
that only certain interactions are allowed for a pseudo-scalar 
particle. These can be expressed (schematically) by the nonrelativistic 
Hamiltonian

 H =  √ 
_

    e  0   ─  m  0        g  agg  ∫ aE · BdV +  g  aff   ℏc ∇ a ·  ̂  S  +  √ 
_

  e  0    (ℏc)   3     g  EDM   a ̂  S  · E  (5)

where a is the axion field measured in units energy; gagg is the 
axion’s coupling to photons, g (i.e., to electromagnetism), measured 
in units of inverse energy; gaff is the axion’s coupling to matter 
particles, which are fermions, f (the coupling depends on the parti-
cle in question, we write just one case for simplicity); gEDM is the 
strength of a nuclear EDM induced by the axion; E and B are 
the electric and magnetic fields; and   ̂  S   is the direction of the spin of the 
matter particle in question. e0 and m0 are the permittivity and 
permeability of free space, respectively, constants associated with 
electromagnetism; ℏ is the reduced Planck’s constant, which param-
eterizes the size of quantum effects; and c is the speed of light.

These interactions are very different from the interactions of a 
scalar particle, which can couple directly E2 − B2 (the scalar Maxwell 
term) and to the masses of matter particles. This means that light 
scalar fields can mediate extra long-range forces, and their interactions 
with Standard Model particles are therefore very tightly constrained 
by the nonobservation of these extra forces. In contrast, the couplings 
of pseudo-scalar particles to E · B and to the spins of matter particles 
(27, 28) make them much harder to detect.

What would the axion’s interactions with photons and with 
matter particles look like experimentally? Via its interaction with 
E · B, axion DM would look like an additional electrical current or 
anomalous magnetic field (29). More generally, Maxwell’s equations 
of electromagnetism are modified by the addition of the axion field. 
Further details on how axions modify Maxwell’s equations of 
electromagnetism are discussed in the companion experimental 
review. Via its coupling to nuclear and electron spins, axion DM 
would cause these spins to precess, as they would in a magnetic 
field, but now with an anomalous magnetization caused by the 
invisible presence of the axion field (30, 31).

What are the strengths of the axion’s interaction with Standard 
Model particles? How large are the coupling constants gi in the 
Hamiltonian (Eq. 5)? We know that the interactions must be very 
weak, or we would have found axions already. We expect the axion’s 
couplings to be inversely proportional to the scale of symmetry 
breaking

   g  i   ∼   1 ─  f  a       (6)

This is a consequence of one of the most fundamental ideas in 
particle physics, namely, effective field theory (32), which tells us to 
expect the axion’s interactions to scale inversely with the energy 
scale at which the symmetry giving rise to it originates. As this 
energy fa could be very high, the axion’s interactions could be very 
weak, as required by the experimental constraints. Comparing 
Eqs. 3 and 6, we see that the axion’s couplings obey

   g  i   ∝  m  a    (7)

This is true for most models of the QCD axion, whose couplings 
are generally proportional to its mass, although this relationship 
can be broken in some specific models of the QCD axion. In addi-
tion, as we will see later, the axion is just one particle in the broader 
class of ALPs discussed in more detail below. These ALPs need not, 
in general, solve the strong CP problem or couple to gluons. This 
means that their mass could take any value and need not be propor-
tional to their couplings, and the constants of proportionality differ 
wildly for different ALPs. ALPs could therefore be very weakly 
coupled and hence extremely difficult to detect experimentally. 
Alternatively, nature may provide us with more strongly coupled 
ALPs that can be detected more readily, as discussed below. By 
contrast, for a canonical QCD axion of a given mass, we can predict 
the approximate size of the couplings to Standard Model particles, 
providing a definite target for experimental searches. Further details 
are given in the Supplementary Materials.

The interaction between DM axions or ALPs with particles and 
forces in the Standard Model leads to a wide variety of ways to 
search for them. Initially, in the 1980s up to 2010 or so, experiments 
were few and far between. There was just one viable method, the 
microwave cavity haloscope, and the axion interactions are too 
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Hamiltonian =
Axion (dark matter)

Oscillation frequency：
Compton frequency

Amplitude：
Coupling strength

Exotic interactions (e.g., axion-spin coupling) induce spin energy shift

Axion-gluon
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pin Amplifier for article ys cs search

Wang, Y., Huang, Y., Guo, C., Jiang, M., ... & Budker, D.， Sci. Adv.9, eade0353 (2023)
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Establish the most stringent limits on axion-nucleon coupling beyond astrophysical limits  

Astrophysical limits

Astrophysical limits

Axion dark matter searches: Beyond astrophysical limit

Spin-amplification: 128
Sensitivity: 18fT/Hz1/2

5 hours average: 130aT
Axion-nucleon interaction: 
≤10-9GeV-1 (feV-peV)

Axion

129Xe



Axion

Z’
Boson

Dark 
photon

Setup the most stringent constraints for 
neutron-neutron couplings

（ Sci. Adv. 2021 ）

Long-baseline network through 
the cities

（Nat. Commun. 2024）

Setup the most stringent constraints for 
neutron-electron couplings

（ Sci. Adv. 2023 ）

Exceeding bounds from 
astrophysical observations

（Nat. Phys. 2021）

Setup the most stringent constraints for neutron-neutron, 
neutron-electron couplings
（PRL 2024，PRL 2022）
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p Searching for different low energy regions for axions, Z'bosons and 
dark photons, providing the latest new constraints



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

Localized noise is hard to suppress
Detection deadzone
Can’t tell the orientation of DMs

Suppress the false alarm rate ∝ "#
Enhance sensitivity ∝ 1/ #
Omni-directional detection
Network contains DM orientation inf.

Correlation sensing via multiple-sensor network
Single sensor N-sensor network

1feV de Broglie wavelength ≈
100 times the Earth diameter



New limits on dark photon dark matter

29
Collaboration with Yue Zhao, Jing Shu, Yifan Chen
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Correlation sensing via multiple-sensor network

Nature 650, 314 (2026)

Collaboration with Szymon Pustelny



The first nuclear-spin quantum senor network



Space-based new 
physics searches
“昆仑计划”

“昆仑”源自中国古代《山海经》，是神仙
居住的神山，象征着神秘莫测的力量（—〉
暗物质）。昆仑山在中国传统文化中被视为
连接天地的桥梁（—>天地一体化）。



Few → Many, equilibrium → non-equilibrium 

Goal：
Quantum 
advantage in 
quantum 
simulation
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JMR 2016
JMR 2018
MRL 2022
NP/PRL 20252 3 4 5
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QSD is the core research tool for exploring frontier fundamental 

quantum many-body problems  

PRL 2008

Application 4 – Quantum many-body physics/quantum simulations
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First Experimental Measurements of OTOC



Following-up Experiments on OTOCComments on Current Experimental Status

Ψ eρt

Lyapunov exponent

Tr[[ ⟩W(0), ⟩V(t)]2]

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

The reason is that measuring OTOC always 
involves backward time evolution, which is 
always imperfect. 

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

Why? 

Imperfect

Solid NMR Experiment by MIT group, PRL 2019

Trap Ion Experiment by Maryland group, Nature, 2019

Superconducting Experiment by Google Group, Science 2021

Cold Atom Experiment by MIT Group, Science 2023



First experimental measurements of OTOC



A first experiment to extract Lyapunov exponent in a many-body system

Scramblon Theory for OTOC
Yingfei Gu, A. Kitaev and Pengfei Zhang, JHEP 2022

Scramblon Ansatz for OTOC with Imperfections

Scramblon Ansatz for OTOC with Imperfections 

F(ρ, t) = Tr[ ΨOβ ΨV(t)e⟩i ΨOλ(t)ρ ΨOβei ΨOλ(t)ρ ΨV(t)]
Scramblon Ansatz

3

FIG. 2. Fitting Experimental Data with the Scramblon Ansatz. Three typical experimental data F
(�)
↵� (�, t) for three

di↵erent � = 0, ⇡/64 and ⇡/32. The superscript � labels three di↵erent Hamiltonians, as described in the main text. The solid
curves are fitting results obtained using the scramblon ansatz. Experimentally, the 95% confidence intervals determined from
read-out noise are approximately 10�4, and therefore the error bars are contained within the data markers.

always enables reversal of Ĥ0. However, the higher-
order terms, denoted by Ĥ1, generally cannot be simul-
taneously reversed. Therefore, without loss of gener-
ality, we denote the forward evolution as governed by
Ĥ = Ĥ0 + Ĥ1, and the backward evolution as governed
by �Ĥ0 � Ĥ 0

1 = �Ĥ � �Ĥ. Here, �Ĥ, representing the
di↵erence between Ĥ1 and Ĥ 0

1, is the imperfection in the
reversed dynamics. In this system, Ĥ1 is typically on the
order of a few percent relative to Ĥ0 [14].

The measurement protocol is schematically illustrated
in Fig. 1(c). We begin by defining the total spin operator
along the �-axis as Ô� =

P
im Ŝ�

im, where � 2 {x, y, z}.
The system is initialized in a weakly polarized state de-
scribed by the density matrix ⇢̂� / + ✏Ô� , with ✏ ⌧ 1
characterizing the small polarization. Following forward
time evolution under the Hamiltonian Ĥ, the density ma-
trix transforms as ⇢̂�(t) = e�iĤt⇢̂�eiĤt. Subsequently, we
implement a uniform spin rotation by an angle � around
the ↵-axis (↵ 2 {x, y, z}), yielding the transformed den-

sity matrix: ⇢̂↵�(�, t) = e�iÔ↵�e�iĤt⇢̂�eiĤteiÔ↵�. This
is followed by backward evolution as described above.
Finally, we measure the total magnetization along the
�-direction hÔ�i, which equals the correlation function
F↵�(�, t) defined as:

F↵�(�, t) = Tr[Ô�(0)V̂†(t)e�i�Ô↵(t)Ô�(0)ei�Ô↵(t)V̂(t)].
(3)

Here, V̂(t) ⌘ exp
⇣
�iT

R t
0 dt0�Ĥ(t0)

⌘
represents the time-

evolution operator in the interaction picture, with T
denoting time ordering. All operators Ô(t) and �Ĥ(t)
evolve according to the Heisenberg picture under Ĥ. For
normalization, we divide F↵�(�, t) by C = hÔ2

�i = N/4
to ensure F↵�(0, 0) = 1. The MQC spectrum can be ob-
tained through the Fourier transformation of F↵�(�, t)
with respect to � [43, 44].

We now highlight the relationship between F↵�(�, t)
and OTOCs through two limits: (i) For perfect reversed
dynamics (�Ĥ = 0), F↵�(�, t) reduces to

F (0)
↵� (�, t) = Tr[Ô�(0)e�i�Ô↵(t)Ô�(0)ei�Ô↵(t)], (4)

representing an OTOC of operators ei�Ô↵(t) and Ô� ; (ii)
At � = 0, it becomes

F↵�(0, t) = Tr[Ô�(0)V̂†(t)Ô�(0)V̂(t)], (5)

and this OTOC, also known as the Loschmidt echo,
probes imperfections in the reversed dynamics. Both
cases can be computed by scramblon theory [41], strongly
suggesting that the general behavior of F↵�(�, t), al-
though more challenging to derive, can also be captured
by scramblon theory. Indeed, as we show in the Sup-
plementary Material [45], an ansatz for F↵�(�, t) in the
small-� regime can be derived as:

F↵�(�, t) =
1

(1 + ae{t + b�2e{t)2� , (6)

where {a, b,{,�} are all fitting parameters. The � = 0
limit of Eq. (6) reproduces the Loschmidt echo (Eq. (5)),
with a 6= 0 quantifying the reversal imperfection. We
note that a recent theoretical work also discussed a sim-
ilar issue in a specific solvable model [47].

We investigate three representative chaotic Hamilto-

nians: (i) Ĥ(1)
0 with ⇠xx = �⇠yy = 0.4, (ii) Ĥ(2)

0 with

⇠xy = ⇠yx = 0.4, and (iii) Ĥ(3)
0 with (⇠xx, ⇠yy, ⇠zz) =

(0.025,�0.225, 0.2), while all other ⇠µ⌫ = 0. For each

Hamiltonian Ĥ(�)
0 , we perform measurements for all nine

possible combinations of ↵, � 2 {x, y, z} axes, yielding
a total of 3 ⇥ 9 = 27 distinct cases. For each case, we
measure three di↵erent � angles and fit the three curves
jointly with a single scramblon ansatz, Eq. (6). We find
that all data are excellently captured by the scramblon
ansatz Eq. (6), with three representative fits shown in
Fig. 2 and the complete set of all data available in the
Supplementary Material [45].

The scramblon theory not only provides the fitting
ansatz but also imposes strong constraints on the param-
eters. For a given Hamiltonian, while the fitting yields
parameter sets indexed by ↵ and �, the theory predicts
the following:

Yu-Chen Li, Tian-Gang Zhou, Sengyu Zhang, Ze Wu, Liqiang Zhao, Haochuan Yin, 
Xiaoxue An, Hui Zhai, Pengfei Zhang, Xinhua Peng and Jiangfeng Du, arXiv: 2506.19915
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curves are fitting results obtained using the scramblon ansatz. Experimentally, the 95% confidence intervals determined from
read-out noise are approximately 10�4, and therefore the error bars are contained within the data markers.

always enables reversal of Ĥ0. However, the higher-
order terms, denoted by Ĥ1, generally cannot be simul-
taneously reversed. Therefore, without loss of gener-
ality, we denote the forward evolution as governed by
Ĥ = Ĥ0 + Ĥ1, and the backward evolution as governed
by �Ĥ0 � Ĥ 0

1 = �Ĥ � �Ĥ. Here, �Ĥ, representing the
di↵erence between Ĥ1 and Ĥ 0

1, is the imperfection in the
reversed dynamics. In this system, Ĥ1 is typically on the
order of a few percent relative to Ĥ0 [14].

The measurement protocol is schematically illustrated
in Fig. 1(c). We begin by defining the total spin operator
along the �-axis as Ô� =

P
im Ŝ�

im, where � 2 {x, y, z}.
The system is initialized in a weakly polarized state de-
scribed by the density matrix ⇢̂� / + ✏Ô� , with ✏ ⌧ 1
characterizing the small polarization. Following forward
time evolution under the Hamiltonian Ĥ, the density ma-
trix transforms as ⇢̂�(t) = e�iĤt⇢̂�eiĤt. Subsequently, we
implement a uniform spin rotation by an angle � around
the ↵-axis (↵ 2 {x, y, z}), yielding the transformed den-

sity matrix: ⇢̂↵�(�, t) = e�iÔ↵�e�iĤt⇢̂�eiĤteiÔ↵�. This
is followed by backward evolution as described above.
Finally, we measure the total magnetization along the
�-direction hÔ�i, which equals the correlation function
F↵�(�, t) defined as:

F↵�(�, t) = Tr[Ô�(0)V̂†(t)e�i�Ô↵(t)Ô�(0)ei�Ô↵(t)V̂(t)].
(3)

Here, V̂(t) ⌘ exp
⇣
�iT

R t
0 dt0�Ĥ(t0)

⌘
represents the time-

evolution operator in the interaction picture, with T
denoting time ordering. All operators Ô(t) and �Ĥ(t)
evolve according to the Heisenberg picture under Ĥ. For
normalization, we divide F↵�(�, t) by C = hÔ2

�i = N/4
to ensure F↵�(0, 0) = 1. The MQC spectrum can be ob-
tained through the Fourier transformation of F↵�(�, t)
with respect to � [43, 44].

We now highlight the relationship between F↵�(�, t)
and OTOCs through two limits: (i) For perfect reversed
dynamics (�Ĥ = 0), F↵�(�, t) reduces to

F (0)
↵� (�, t) = Tr[Ô�(0)e�i�Ô↵(t)Ô�(0)ei�Ô↵(t)], (4)

representing an OTOC of operators ei�Ô↵(t) and Ô� ; (ii)
At � = 0, it becomes

F↵�(0, t) = Tr[Ô�(0)V̂†(t)Ô�(0)V̂(t)], (5)

and this OTOC, also known as the Loschmidt echo,
probes imperfections in the reversed dynamics. Both
cases can be computed by scramblon theory [41], strongly
suggesting that the general behavior of F↵�(�, t), al-
though more challenging to derive, can also be captured
by scramblon theory. Indeed, as we show in the Sup-
plementary Material [45], an ansatz for F↵�(�, t) in the
small-� regime can be derived as:

F↵�(�, t) =
1

(1 + ae{t + b�2e{t)2� , (6)

where {a, b,{,�} are all fitting parameters. The � = 0
limit of Eq. (6) reproduces the Loschmidt echo (Eq. (5)),
with a 6= 0 quantifying the reversal imperfection. We
note that a recent theoretical work also discussed a sim-
ilar issue in a specific solvable model [47].

We investigate three representative chaotic Hamilto-

nians: (i) Ĥ(1)
0 with ⇠xx = �⇠yy = 0.4, (ii) Ĥ(2)

0 with

⇠xy = ⇠yx = 0.4, and (iii) Ĥ(3)
0 with (⇠xx, ⇠yy, ⇠zz) =

(0.025,�0.225, 0.2), while all other ⇠µ⌫ = 0. For each

Hamiltonian Ĥ(�)
0 , we perform measurements for all nine

possible combinations of ↵, � 2 {x, y, z} axes, yielding
a total of 3 ⇥ 9 = 27 distinct cases. For each case, we
measure three di↵erent � angles and fit the three curves
jointly with a single scramblon ansatz, Eq. (6). We find
that all data are excellently captured by the scramblon
ansatz Eq. (6), with three representative fits shown in
Fig. 2 and the complete set of all data available in the
Supplementary Material [45].

The scramblon theory not only provides the fitting
ansatz but also imposes strong constraints on the param-
eters. For a given Hamiltonian, while the fitting yields
parameter sets indexed by ↵ and �, the theory predicts
the following:

No mitigation

Verification

Scramblon
Ansatz 
with a = 0
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From pioneering OTOC 
measurements to the first 
extraction of quantum chaos 
effects
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Pengfei Zhang 

Scramblon theory

Span a decade of close theoretical and experimental collaboration 



First experimental measurements of OTOC
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Emergent universal quench dynamics in 
randomly interacting spin models

Yuchen Li    1,2,13, Tian-Gang Zhou    3,13, Ze Wu1,2,4,13, Pai Peng    5, Shengyu Zhang1,2,4,6,  
Riqiang Fu    7, Ren Zhang6,8, Wei Zheng4,6,9, Pengfei Zhang    10,11  , 
Hui Zhai    3,6  , Xinhua Peng    1,2,4,6   & Jiangfeng Du    1,2,4,6,12

Universal behaviour often emerges in the low-energy equilibrium 
physics of quantum many-body systems, despite their microscopic 
di!erences. Recently, there has been a growing interest in studying the 
far-from-equilibrium dynamics of quantum many-body systems. Such 
dynamics usually involve highly excited states beyond the traditional 
low-energy theory description. Whether universality can also emerge in 
such non-equilibrium dynamics is the subject of current research. Here, we 
report the experimental observation of universal dynamics by monitoring 
the spin depolarization process in a solid-state nuclear magnetic resonance 
system, described by an ensemble of randomly interacting spins. The spin 
depolarization can be related to temporal spin–spin correlation functions 
at high temperatures. We discover that these correlation functions obey 
a universal functional form. This "nding helps us identify the dominant 
interacting processes in the spin depolarization dynamics that lead to 
universality. Our observation demonstrates the existence of universality 
even in non-equilibrium dynamics at high temperatures, thereby 
complementing the well-established universality in low-energy physics.

Universality refers to when a set of simple rules and a small number of 
parameters can universally describe a physical phenomenon across 
various systems, despite their complicated and distinct microscopic 
details. Numerous examples have demonstrated that universal behav-
iours can occur in different subfields of physics. For examples, in atomic 
physics, a single parameter, the s-wave scattering length, governs the 
low-energy scattering between two atoms1,2. In other words, regard-
less of the specific atomic species with different interatomic Van der 
Waals potentials, their low-energy interaction properties tend to be 

identical as long as their s-wave scattering lengths are the same. Simi-
larly, in condensed matter physics, systems within the quantum critical 
regime exhibit identical low-energy properties if they belong to the 
same universality class, even though their microscopic Hamiltonians 
can be vastly different3.

However, most known examples of universal behaviours occur 
in low-energy physics. In contrast, far-from-equilibrium quantum 
dynamics always involves highly excited states. In particular, we often 
study a type of quench dynamics where we start with an initial state at 
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Universality of non-equilibrium dynamics in complex spin systems

~ 1022 spins (~ 103 correlated spins)
(classically intact) 

All complex systems are driven 
by extremely simple logic.

A universal 
behavior for the 
spin depolarization 
quench  dynamics
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Application 5 -- Correlated spin dynamics for AI QC

High-Accuracy Temporal Prediction via Experimental Quantum Reservoir
Computing in Correlated Spins
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(Received 14 August 2025; revised 19 December 2025; accepted 24 February 2026; published 25 March 2026)

Physical reservoir computing provides a powerful machine learning paradigm that exploits nonlinear
physical dynamics for efficient information processing. By incorporating quantum effects, quantum
reservoir computing offers superior potential for machine learning applications, as quantum dynamics are
exponentially costly to simulate classically. Here, we present a novel quantum reservoir computing
approach based on correlated quantum spin systems, exploiting natural quantum many-body interactions to
generate reservoir dynamics, thereby circumventing the practical challenges of deep quantum circuits. Our
experimental implementation supports nontrivial quantum entanglement and exhibits sufficient dynamical
complexity for high-performance machine learning. We achieve state-of-the-art performance in experi-
ments on standard time-series benchmarks, reducing prediction error by 1 to 2 orders of magnitude
compared to previous quantum reservoir experiments. In long-term weather forecasting, our 9-spin
quantum reservoir delivers greater prediction accuracy than classical reservoirs with thousands of nodes.
This represents the first experimental demonstration of quantum machine learning outperforming large-
scale classical models on real-world tasks.

DOI: 10.1103/r8ww-qw7j

Introduction—The rapid growth of artificial intelligence
has highlighted the demand for novel computational
paradigms capable of real-time processing of temporally
structured, data-intensive information streams. Physical
reservoir computing (PRC) offers a promising solution by
harnessing the intrinsic dynamics of physical substrates as
computational resources within a machine learning frame-
work [1,2]. In this approach, inputs are projected into the
high-dimensional space of a fixed dynamical system that
simultaneously performs processing and memory, thus
avoiding the von Neumann bottleneck. The output is

obtained by only training a linear readout layer, enabling
fast inference with minimal learning cost. PRC can be
implemented in a broad range of physical systems that
provide a high-dimensional state space, nonlinear input–
output mapping, and fading memory [3], including
memristors [4–7], spintronics [8–11], and optical systems
[12–15]. As larger and more complex dynamical systems
tend to enhance computational capacity [16–18], this
framework naturally extends into the quantum regime.
Quantum reservoir computing (QRC) leverages the expo-
nentially large Hilbert space and complex correlations of
quantum systems to offer unique advantages in solving
challenging tasks. Given that some noisy intermediate-
scale quantum (NISQ) systems have already outperformed
classical simulators [19–21], current quantum devices hold
strong potential for realizing QRC with computational
capacity and expressiveness beyond classical models.

*These authors contributed equally to this work.
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A first experimental demonstration of quantum machine learning outperforming 
large-scale classical models on real-world tasks.

Intrinsic spin dynamics
Exponentially large Hilbert 
space & Complex correlations
Unitary and nonunitary

A daily climate dataset from Delhi

9 spin system

Larger spin systems



• 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.

Summary
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