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Standard model
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Phenomena can not be explained by SM
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Dark matter

Dark energyMatter–antimatter asymmetry
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Frank Wilczek Spin can be used to explore interactions mediated by axions.

Axion and axion like particles, which are important candidates of  dark matter,  can 

mediate exotic spin dependent interactions

mass spin

r

Effective magnetic field Mass-spin interactions

Phys. Rev. D 30, 130 (1984)



B. Dobrescu and I. Mocioiu, J. High Energy Phys. 11, 005(2006). 6



Experimental searches 

for exotic spin-dependent interactions
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PRD 86, 015001 (2012).

Constraints set by atomic magnetometer, 

SQUID, and torsion balance.
Force range is limited by the size of  the 

sensor of magnetometer.

Thickness of vapor cell > 0.2 mm

How to search for exotic interactions with shorter force range?  



Xing Rong et al., Nature Communications 9, 739 (2018)

Using single electron spin quantum sensors to 

searching for exotic spin interactions 

Cancel unwanted signals

✓ Atomic scale

✓ Near surface

✓ Precise quantum control

✓ NV + AFM

Shorter force range

Good sensitivity
advantages
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Single electron spin quantum sensors

NV- centers in diamond
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Preparing NV center  quantum sensors

10

Using ion beam etching to form micro-lens and other structures, so as to realize 

high-efficiency fluorescence collection ability

Near surface NV center (about 5-10 nm) were prepared by low energy (5 

keV) nitrogen ion implantation.
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Single electron spin quantum sensors

Diamond nanoscale magnetometry

Nat. Nanotechnol. 3, 643(2008) Nat. Phys. 9, 215 (2013)
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Spin-mass 

Interactions

Static spin-spin 

interactions

Velocity-dependent 

spin-spin interactions

Unpolarized nucleon 

source

Polarized spin source and

distance modulation
Polarized spin source

Searching for exotic spin dependent interaction 

with single electron spin quantum sensors



NV-AFM platform
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A series of signal sources such as silica, pentacene molecule, dysprosium iron 

garnet (DYIG) can be loaded on the cantilever beam of AFM.
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solid-state-spin quantum sensors to search for physics

beyond the standard model

Experimental results

• Single electron spin quantum sensors

1. Nat. Commun. 9, 739 (2018) 

2. PRL 121, 080402 (2018)  

3. PRL 127, 010501 (2021)

• Ensemble quantum sensor

1. arXiv: 2201.04408 (2022)



1. Spin-mass interaction

Xing Rong et al., Nature Communications, 9:739 (2018)

15



Experimental setup
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Experimental sequence
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Experimental result

statistical errors：～ 0.02 radSix separated runs
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Constraints by our experiment
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2. Exotic dipole-dipole interaction

Xing Rong et al., Phys. Rev. Lett. 121, 080402 (2018)
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Constraint on exotic interaction between electrons

Magnetic dipole-dipole coupling

Exotic dipole-dipole coupling [1]

[1] B. A. Dobrescu and I.Mocioiu, J. High Energy Phys. 11, 005 (2006)

[2] Xing Rong et al., Phys. Rev. Lett. 121, 080402 (2018)

We now experimentally search for this type of exotic dipole-dipole coupling [2].
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The measured polarized signal

T. Xie et al., Phys. Rev. Applied 9, 064003 (2018).

Experiment technique and setup
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pentacene



Experimental pulse sequence 

for searching exotic interactions

Prepare the polarized electrons in 

pentacene

Detect polarized 

signal by NV

The fitting provides:

Xing Rong et al., Phys. Rev. Lett. 121, 080402 (2018)
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Analysis of the systematic errors

Xing Rong et al., Phys. Rev. Lett. 121, 080402 (2018)
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Constraint on exotic interaction 

between electrons

Xing Rong et al., Phys. Rev. Lett. 121, 080402 (2018)

We established upper limits on this type of exotic spin-dependent interaction in the 

force range 10 to 900 µm.
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3. parity-odd spin- and velocity- dependent interaction

27
Man Jiao, et al., Physical Review Letters 127, 010501 (2021).

Dr. Jiao
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Pulse sequence is designed to accumulate the 

possible velocity dependent effect

Experimental scheme 

Man Jiao, et al., Physical Review Letters 127, 010501 (2021).

Phase factor due to exotic interaction
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Experimental scheme 

Man Jiao, et al., Physical Review Letters 127, 010501 (2021).

Suppose effective magnetic field is zero

P+ and P- is modulated with the phase factor of microwave 𝜙mw。

𝑃+ = Τ1 + cos 𝜙mw 2

𝑃− = Τ1 + cos 𝜙mw 2

I = 𝑃+ − 𝑃− = 0
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Experimental scheme 

Man Jiao, et al., Physical Review Letters 127, 010501 (2021).

Suppose nonzero magnetic field exist，
P+ P- will have by additional phase factor



Experimental result and constraints

Man Jiao, et al., Physical Review Letters 127, 010501 (2021).

Experimental constraint has been set for the 

force range from 1.4 - 330 μm
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No signal has been observed



From Single to Ensemble NV sensor

η ∼
1

𝛾

1

NT2
∗ N: number of electron spin

Single NV Subensemble NV Bulk NV

~50 pT/ 𝐻𝑧 ~0.9 pT/ 𝐻𝑧4.3 n/ 𝐻𝑧

Nat. Mater. 8, 383(2009) Nature 555, 351(2018) Phys. Rev. X 5, 041001(2015)
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Ensemble NV sensor in our experiment

Reach a sensitivity of  1.4 nT/ Hz

from 0.4 to 2 kHz

a 23-µm-thick NV layer with NV 

concentration of 14 ppm is 

employed as quantum sensor
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Search for exotic interactions

with ensemble NV quantum sensor

Hang Liang et al., arXiv: 2201.04408 (2022)
34
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Experimental scheme

Lead sphere and a 23-

µm-thick NV layer serve 

as mass and spin source

The time evolution of distance, 

velocity, and effective 

magnetic fields due to exotic 

interactions

Fourier transform spectrum
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Experimental results
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Measurement of the effective magnetic fields Systematic errors



Experimental constraints
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𝑔𝐴
𝑒𝑔𝑉

𝑁 ≤ 2.5 × 10−22 (𝜆 = 330 𝜇𝑚) 𝑔𝑆
𝑁𝑔𝑃

𝑒 ≤ 2.5 × 10−20 (𝜆 = 30 𝜇𝑚)

Single NV



Summary and outlook
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➢NV centers can be a powerful platform for investigating new physics.

➢Experimental search for more types of interactions are been carried out.

➢In future, on-chip sensor will be utilized.
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Thanks for your attention!
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