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We propose a new method to search for exotic spin-spin interactions between electrons and nucleons
using a diamond-based vector magnetometer. The vector magnetometer can be constructed from ensembles
of nitrogen-vacancy centers along different axes in a diamond. The 14N nuclear spins of nitrogen-vacancy
centers in the same diamond can be polarized through the dynamic nuclear polarization method to serve as
spin sources. With the vector magnetometer, the sought-after exotic interactions can be distinguished from
the magnetic dipole-dipole interaction. For the axion-mediated interaction VPP, new upper bounds of the
coupling jgePgNP j are expected within the force range from 10 nm to 100 μm. For the Z0-mediated interaction
VAA, new upper bounds of the coupling jgeAgNA j are expected within the force range from 10 nm to 1 cm. The
new upper bounds for VPP and VAA are both expected to be more than 5 orders of magnitude more stringent
than existing constraints at the force range of 1 μm with the total measurement time of 1 day.
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I. INTRODUCTION

Despite dark matter accounts for about 85% of the matter
in our Universe [1], the nature of dark matter remains a
mystery [2]. Axions are one of the well-motivated candi-
dates of dark matter [3–7] and are also implied by the
Peccei-Quinn solution of the strong CP problem [8–11].
Exotic spin-dependent interactions between fermions can
be mediated by axions [12]. Subsequently, the mediating
particles of the exotic interactions are extended to other
new bosons beyond the Standard Model, such as Z0
bosons [13,14]. Therefore, searching for exotic inter-
actions provides a promising approach for exploring new
physics [15].
Experimental searches for exotic interactions have been

performed using various precision measurement tech-
niques [15], employing the torsion balance experiment
[16–19], trapped ions [20], cantilever [21], spectroscopic

measurements [22,23], atomic magnetometer [24–29],
spin-based amplifier [30,31], and electric dipole moment
measurements [32]. Single nitrogen-vacancy (NV) centers
in diamond have been utilized as solid-state spin quantum
sensors to search for exotic interactions at the micrometer
scale [33,34]. Ensembles of NV centers have also been
utilized to search for exotic interactions as a high-
sensitivity magnetometer [35,36]. However, the explored
force range is usually limited by the minimum distance
from each spin sensor to the nearest spin source, because
exotic interactions decay exponentially with increasing
distance. In addition, searching for the static exotic spin-
spin interactions is a challenge, due to the difficulty of
eliminating spurious effects of the accompanying magnetic
dipole-dipole interaction.
Here we propose searching for the static exotic spin-spin

interactions VPP and VAA between electrons and nucleons
with a diamond-based vector magnetometer. NV centers in
diamond are aligned along the four crystallographic axes.
The electron spins of NV centers along three different axes
can be utilized to construct the vector magnetometer. The
14N nuclear spins of NV centers along the fourth axis can
be polarized through the dynamic nuclear polarization
(DNP) method to serve as the spin sources. The vector
magnetometer can distinguish the possible effective mag-
netic field induced by the exotic interaction and the dipole
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magnetic field by their different directions. With such
configurations, the nanoscale distance from each spin
sensor to the nearest spin source allows for exploring
the force range at the nanometer scale.
The structure of this paper is as follows. In Sec. II, the

experimental scheme of the proposal is demonstrated. In
Sec. III, the expected signal of the exotic interactions and
the magnetic dipole-dipole interaction are calculated, and
the expected constraints of the exotic interactions are
presented. The conclusion is given in Sec. IV.

II. EXPERIMENTAL SCHEME

A. Effective magnetic fields from exotic
spin-spin interactions

The nonrelativistic potentials of the targeted exotic
interactions are [13]
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where σe (σN) is the unit vector of the interacting electron
(nucleon) spin, λ ¼ ℏ=mXc is the force range with the mass
mX of the mediating boson (X refers to axions and Z0
bosons for VPP and VAA, respectively), r is the distance
between the interacting spins, er is the direction from the
nucleon spin to the electron spin, me is the electron mass,
and mN is the nucleon mass. Here, geP and gNP are the
dimensionless pseudoscalar couplings of axions to elec-
trons and nucleons, respectively [12–14], while geA and gNA
are the dimensionless axial-vector couplings of Z0 bosons
to electrons and nucleons, respectively [13,14,37]. The
couplings to nucleons are assumed to be the same for
neutrons and protons. The Feynman diagrams are shown in
Figs. 1(a) and 1(b).
The induced effective magnetic fields on the electron

spin are
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where γe is the electron gyromagnetic ratio.
We propose utilizing electron spins and 14N nuclear spins

of ensembles of NV centers inside one diamond as the spin

sensors and the spin sources, respectively, as shown in
Fig. 1(c). The averaged effective magnetic fields beff;PP and
beff;AA on the ensembles of spin sensors can be derived from
integrating Beff;PP and Beff;AA, respectively, over both the
electron spins and the nuclear spins.
In this proposed search for the exotic interactions, the

magnetic dipole-dipole interaction is the main spurious
effect. The dipole magnetic field on the electron spin is

Bdip ¼
μ0
4π

γnℏ½3erðer · σnÞ − σn�
1

r3
; ð3Þ

where σn is the unit vector of the nuclear spin, μ0 is the
vacuum permeability, and γn is the 14N nuclear gyromag-
netic ratio. The Fermi contact interaction term is neglected,
since NV centers are spatially separated. The averaged
dipole magnetic field bdip on the ensembles of spin sensors
can be derived from integrating Bdip over both the electron
spins and the nuclear spins.

B. Diamond-based vector magnetometer

NV centers are paramagnetic point defects in diamond.
An NV center consists of a substitutional nitrogen atom
and a neighboring vacancy [38,39]. Since there are four
crystallographic axes of C─C bonds in the diamond lattice,
NV centers in diamond can be classified into four groups,

(a)

Diamond 

(b)

(c)

FIG. 1. Schematic of the experimental proposal. (a) Feynman
diagram of the axion-mediated exotic interaction VPP between an
electron and a nucleon. (b) Feynman diagram of the Z0-mediated
exotic interaction VAA between an electron and a nucleon.
(c) Scheme of the proposed experimental search for the exotic
interactions. The nucleon spins of NV centers along one axis can
be used as the spin sources. The electron spins of NV centers
along other axes can be used as the spin sensors.
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as shown in Fig. 2(a). The axes of NV centers are denoted
by σ0, σ1, σ2, and σ3.
Figure 2(b) shows the electronic energy levels of an NV

center [41–43]. The spin state can be optically initialized
into jmS ¼ 0i and read out by green laser [43–45]. The
resonant frequency of manipulation microwave is sensitive
to the magnetic-field projection on the NVaxis, as shown in
Fig. 2(c) [34,40].
By applying a carefully designed external magnetic field,

NV centers with different axes can be manipulated and read
out separately. The NV centers along σ1, σ2, σ3 can be
used to construct the diamond-based vector magneto-
meter [46–48]. The 14N nuclear spins of NV centers along
the axis σ0 can be polarized in order to generate the possible
effective magnetic field beff induced by the exotic inter-
action VPP or VAA [49–51]. According to the simulations
discussed in Secs. III A and III B, the accompanying dipole
magnetic field bdip is expected to be perpendicular to beff
with the considered parameters, as shown in Fig. 2(d).
Since the vectors σ1, σ2, σ3 span the three-dimensional
space, we can obtain the projection of the measured mag-
netic field on any arbitrary direction by combining the
signals from the three groups of NV centers. Therefore,
the possible effective magnetic field beff and the dipole
magnetic field bdip can be distinguished by the vector
magnetometer.

C. Pulse sequence

Microwave (MW) and radio-frequency (rf) pulses are
used to manipulate the electron spins and the nuclear spins
of NV centers, respectively. Figure 3(a) shows the tran-
sitions engaged in the pulse sequence. The subscripts 1 and
2 of MWs and rf’s indicate different transitions, while the
superscript ν ¼ 0, 1, 2, 3 indicates the NV axis.

The pulse sequence of the proposed experiment is shown
in Fig. 3(b). A laser pulse can initialize electron spins of
NV centers along all axes into jmS ¼ 0i. After the electron
spin initialization, a DNP sequence can be used to polarize
the 14N nuclear spins in NV centers along σ0 [49–51]. The
populations of the states jmS ¼ 0; mI ¼ �1i are first
transferred to the states jmS ¼ �1; mI ¼ �1i by spectrally
narrow π pulses of MW0

1 and MW0
2, then transferred to

the states jmS ¼ �1; mI ¼ 0i by a spectrally broad rf01 π
pulse. Finally, a short laser pulse repolarizes the electron
spin. Such a DNP sequence can be repeated to recursively
obtain an 80% or even higher population P0 of the state
jmI ¼ 0i [50–52].
A following spin-echo sequence [53] can be used to

obtain a sensitivity to the possible effective magnetic field
beff . The MWν

1 pulses here are resonant with NV centers
along σν, where ν ¼ 1, 2, 3 denotes the NV axis of the
sensors. At the same time as the MWν

1 π pulse, an rf02 π
pulse for NV centers along σ0 can transfer the population
from jmI ¼ 0i to jmI ¼ 1i. After such a pulse, the
magnetic polarization hmIi ¼ Pþ − P− of the 14N nuclear
spins can reach 70% or even higher, where P� are the
populations of jmI ¼ �1i. The magnetic polarization can
generate the possible effective magnetic field on the
sensors. As a result, the axial projection of the possible
effective magnetic field can be encoded into the population
of the state jmS ¼ 0i of the sensors at the end of the spin-
echo sequence and can be read out optically. On the
contrary, the influences due to low-frequency environmen-
tal noise can be eliminated. The duration of the spin-echo
sequence should be much longer than the rf02 π pulse, but
shorter than the coherence time T2 of the NV ensemble.
Therefore, the concentration of NV centers in the diamond
is limited by the requirement of a sufficiently long
coherence time [48,54].
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FIG. 2. Diamond-based vector magnetometer. (a) NV centers aligned with the four crystallographic axes in a single-crystal diamond.
(b) Energy-level diagram of an NV center in diamond [40]. The NV center can be pumped by a green laser from the ground state 3A2 to
the excited state 3E. The decay back to 3A2 via singlet states 1A1 and 1E transfers the populations from jmS ¼ �1i to jmS ¼ 0i. (c) The
Zeeman shift of the spin sublevels of the ground state 3A2. The transition between jmS ¼ 0i and jmS ¼ −1i can be driven by a resonant
microwave. (d) The principle of distinguishing the possible effective magnetic field and the dipole magnetic field using the vector
magnetometer. The possible effective magnetic field induced by the exotic interaction VPP or VAA is denoted by beff, while the dipole
magnetic field induced by the magnetic dipole-dipole interaction is denoted by bdip. The angle between the fields is θ. For the magnetic-
field vector that can be obtained from the vector magnetometer, the projection on the red dashed line only contains the information of
beff , while the projection on the black dashed line only contains the information of bdip.
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In order to obtain all the magnetic signals from NV
centers along the axes σ1, σ2, σ3, the pulse sequence shown
in Fig. 3 can be repeated sequentially with ν ¼ 1, 2, 3.

III. ANALYSIS AND RESULTS

A. Simulation of the exotic interactions

The Monte Carlo method is used to calculate the
averaged effective magnetic fields beff;PP and beff;AA on
the ensembles of spin sensors. In such a calculation, the
spin sources are supposed to be aligned to the axis σ0. The
lower cutoff of the considered force range is 1 nm, which
should be much longer than the typical 0.15-nm C─C bond
length in diamond. The upper cutoff of the considered force
range of beff;PP should be much shorter than the scale of the
diamond. The integration of Eq. (2a) can be simplified with

such force ranges, since the former four of the five terms
cancel out after the integration. Therefore, the size of the
diamond is considered to be 10 × 10 × 2 mm3, and the
corresponding upper cutoff of force range of beff;PP is
100 μm. For a typical force range of λ ¼ 10 nm, the
results are

bsimeff;PP ¼ 3.5 fT ×

�
gePg

N
P

10−4

��
Pþ − P−

70%

��
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0.5

�
σ0; ð4aÞ

bsimeff;AA ¼ 5.2 fT ×

�
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10−17

��
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��
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�
σ0: ð4bÞ

It is noteworthy that the strengths of the effective
magnetic fields should be multiplied by a factor ζ ¼ 0.5
[55,56], which is the proportion of the 14N nuclear spin
angular momentum contributed from the proton spins and
the neutron spins, since the orbital angular momenta of the
protons and the neutrons are not engaged in the exotic
interactions. Both of the effective magnetic fields beff;PP
and beff;AA are in the direction of σ0 ¼ ð0; ffiffiffiffiffiffiffiffi

2=3
p

;
ffiffiffiffiffiffiffiffi
1=3

p Þ,
parallel to the axis of spin sources.

B. Simulation of the magnetic dipole-dipole
interaction

The finite-element method is used to numerically sim-
ulate the averaged dipole magnetic field bdip on the
ensembles of spin sensors. With the same parameters as
the calculation of the exotic interactions, the finite-element-
method simulation gives

bsimdip ¼ 2.0 pT ×

�
γn

2π × 3.077 MHz=T

��
Pþ − P−

70%

�
en;

ð5Þ

where en ¼ ð0; ffiffiffiffiffiffiffiffi
1=3

p
;−

ffiffiffiffiffiffiffiffi
2=3

p Þ is the direction of the
dipole magnetic field, as shown in Fig. 2(d). The numerical
error of bsimdip · σ0 is estimated to be no more than 2 fT, which
is much smaller than the measurement uncertainty.

C. Expected constraints

In the proposal, the axial magnetic fields experimentally
measured by the three groups of sensors of the vector
magnetometer are denoted by b1, b2, and b3. Here we take
the exotic interaction VPP for example. By linearly com-
bining these measured results properly, we can separately
derive the magnitude of beff;PP and the magnitude of bdip,

bexpeff;PP ¼ ξ1b1 þ ξ2b2 þ ξ3b3
sin θ

; ð6aÞ

bexpdip ¼ ζ1b1 þ ζ2b2 þ ζ3b3
sin θ

; ð6bÞ

(b)

(a)

FIG. 3. (a) Detailed energy levels of the ground state of a 14NV
center. The red (blue) arrows denote the microwave (radio-
frequency) pulses applied in the sequence. (b) Pulse sequence
of the proposed experiment. The first laser pulse can initialize the
electron spin of NV centers along all axes to the state jmS ¼ 0i.
The DNP sequence can recursively initialize the 14N nuclear spins
of NV centers along axis σ0 to the state jmI ¼ 0i. The population
can be transferred from jmI ¼ 0i to jmI ¼ 1i by the rf02 π pulse in
order to obtain the magnetic polarization and to generate a
possible effective magnetic field. The following spin-echo
sequence is used to measure the possible effective magnetic
field. The sequence is repeated sequentially with ν ¼ 1, 2, 3 to
perform a time-division multiplexing vector measurement.
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where ξ1 ¼ −1, ξ2 ¼ −1, and ξ3 ¼ −1 are the combination
coefficients for beff;PP; ζ1 ¼ −0.707, ζ2 ¼ 0.354, and
ζ3 ¼ 0.354 are the combination coefficients for bdip; and
θ ¼ 90° is the angle between beff;PP and bdip.
The estimated uncertainties of the derived fields are

δbexpeff;PP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ξ21 þ ξ22 þ ξ23

p
sin θ

ηffiffiffiffi
T

p ; ð7aÞ

δbexpdip ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ζ21 þ ζ22 þ ζ23

p
sin θ

ηffiffiffiffi
T

p ; ð7bÞ

where the sensitivity η ¼ 1.3 pT=
ffiffiffiffiffiffi
Hz

p
to b1, b2, and b3 is

estimated by shot noise limit [57],

η ¼ π
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γe
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p 1
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ttot
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where γe is the electron gyromagnetic ratio, N ¼ 8.8 × 1014

is the number of NV centers along a single axis in the
ensemble, the phase accumulation time τa ¼ 2τ is equal to
the decoherence time T2 ≈ 160 μs [54], p is a stretched
exponential parameter ranging from 0.5 to 3 [57], σR ∼
5000 is the spin-readout noise [48], ttot ¼ 3ðtI þ τa þ tRÞ is
the total time of one cycle of three-axes measurements,
tI ≈ 657 μs is the time of the initialization pulse sequence
in Fig. 3 [51], and tR ≈ 10 μs is the readout time [58].
Given the total measurement time T ¼ 1 day, the uncer-
tainty bexpeff;PP ¼ 7.7 fT is expected. In addition, an exper-

imentally achievable sensitivity η ¼ 50 pT=
ffiffiffiffiffiffi
Hz

p
and the

corresponding uncertainty bexpeff;PP ¼ 300 fT are also con-
sidered [48]. The sensitivity can be improved by enlarge-
ment of the number of NV centers N. However, there
are many technical difficulties that limit the enlargement of
N, such as synthesis of large-size single-crystal diamond
and coherent control of NV centers in the large-scale
diamond [57,59,60].
The coupling parameter for VPP is

gePg
N
P ¼ bexpeff;PP

bsimeff;PPjgePgNP¼1

; ð9Þ

where the magnetic polarization of the nuclear spins can be
deduced from the strength of the magnetic dipole-dipole
interaction ðPþ − P−Þexp ¼ bexpdip =b

sim
dip jPþ−P−¼100%.

By adapting the parameters shown in Table I, the
expected constraints on jgePgNP j within the force range λ
from 1 nm to 100 μm can be calculated, as shown in Fig. 4.

TABLE I. Diamond geometry and other properties used in
calculations.

Parameter Value

Diamond thickness 2 mm
Diamond length (x direction) 10 mm
Diamond length (y direction) 10 mm
NV concentration 0.1 ppm
Nuclear magnetic polarization Pþ − P− 70%
Nucleon spin fraction of 14N ζ 0.5
Sensitivity η 1.3 pT=

ffiffiffiffiffiffi
Hz

p

0.001 0.01 0.1 1 10 100
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100 10 1 0.1 0.01
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FIG. 4. Upper limits on jgePgNP j as a function of the force range λ
and mass ma of axions. The red and blue lines represent the
expected constraints in this proposal with the total measurement
time T ¼ 1 day. The solid line represents the existing exper-
imental constraint established by [61]. Astrophysical bounds [62]
and the expected constraint in a previous proposal [63] are also
shown.
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FIG. 5. Upper limits on jgeAgNA j as a function of the force range λ
and mass mZ0 of Z0 bosons. The red and blue lines represent the
expected constraints in this proposal with the total measurement
time T ¼ 1 day. The solid lines represent the existing exper-
imental constraints established by [25,61].
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The expected constraints are dominated by the last term in
Eq. (2a). The integration of factor e−r=λ=ðλ2rÞ in this term
remains constant and results in the constant expected
constraints. Similarly, the expected constraints on jgeAgNA j
can also be obtained by replacing bsimeff;PP by bsimeff;AA. The
results are shown in Fig. 5.

IV. CONCLUSION

In conclusion, we propose an experimental search for the
exotic interactions VPP and VAA between electrons and
nucleons. NV centers along three different crystallographic
axes of a single-crystal diamond can be utilized to construct
the vector magnetometer. The 14N nuclear spins of NV
centers along the fourth axis can be polarized through the
DNP method as the spin sources. With a carefully designed
external magnetic field, NV centers along different axes can
be manipulated and read out separately. The effective
magnetic fields induced by the exotic interactions can be
distinguished from the dipole magnetic field by the differ-
ent directions. In such a case, the nanoscale distance from

each spin sensor to the nearest spin source allows for
exploring the force range at the nanometer scale. For the
axion-mediated interaction VPP, new upper bounds of the
coupling jgePgNP j are expected within the force range from
10 nm to 100 μm. For the Z0-mediated interaction VAA, new
upper bounds of the coupling jgeAgNA j are expected within the
force range from 10 nm to 1 cm. The new upper bounds for
VPP and VAA are both expected to be more than 5 orders of
magnitude more stringent than existing constraints at the
force range of 1 μmwith the total measurement time of 1 day.
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