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A new laboratory bound on the axial-vector mediated interaction between electron spins at micrometer
scale is established with single nitrogen-vacancy (NV) centers in diamond. A single crystal of p-terphenyl
doped pentacene-d14 under laser pumping provides the source of polarized electron spins. Based on the
measurement of polarization signal via nitrogen-vacancy centers, we set a constraint for the exotic electron-
electron coupling geAg

e
A, within the force range from 10 to 900 μm. The obtained upper bound of the

coupling at 500 μm is jgeAgeA=4πℏcj ≤ 1.8 × 10−19, which is one order of magnitude more stringent than a
previous experiment. Our result shows that the NV center can be a promising platform for searching for
new particles predicted by theories beyond the standard model.
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Given our ignorance of the ultraviolet completion of
particle physics, it is of great importance to investigate new
particles beyond the standard model [1]. Theoretical
predicted particles, such as pseudoscalars fields (axion
and axionlike particles [2,3]) and axial-vector fields (para-
photons [4] and extra Z bosons [5,6]), have stimulated
attentions in a wide variety of researches [7]. It has been
well motivated for decades from the requirement of
cosmology [8], namely, the candidates of dark matter [9]
and dark energy [10], and from the understanding of the
symmetries of charge conjugation and parity in quantum
chromodynamics (QCD) [11], as well as predictions from
string theory [1]. The exchange of these hypothetical
particles results in spin-dependent forces [6], which were
originally discussed by Moody and Wilczek [2]. Various
laboratory searching experiments focus on the detection
of macroscopic axial-vector dipole-dipole forces between
polarized electrons, described by V2 potentials in Ref. [6],
ranging from the atomic scale to the radius of the Earth [7].

The series of stringent constraints on this coupling have
been set by torsion-pendulum experiments [12,13], a
trapped ions experiment [14], positronium hyperfine spec-
troscopy [7,15,16], helium fine-structure spectroscopy
[17], and by using polarized electrons within the Earth
[18]. Recently, data from STM-ESR experiments [19,20]
have been used to constrain exotic dipole-dipole inter-
actions between electrons at a nanometer scale [21].
In this Letter, we established a new constraint on an

exotic dipole-dipole interaction between electrons at the
micrometer scale by single nitrogen-vacancy (NV) centers
in diamond. The source of polarized electrons was provided
by a single crystal of p-terphenyl doped pentacene-d14
under laser pumping [22]. The sensor can be engineered to
be sensitive to the signal from polarized electrons [23].
Based on our recent measurement of polarized electrons by
NV centers, we have established a new constraint on the
axial-vector mediated interaction between electrons at
micrometer scale, which considerably improves on previous
experimental bounds.
Single NV centers in diamond, which are defects com-

posed of a substitutional nitrogen atom and a neighboring
vacancy [24], have been proposed as quantum sensors for
detecting a weak magnetic signal within the nanoscale
[25,26]. The size of this quantum sensor can be engineered

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW LETTERS 121, 080402 (2018)

0031-9007=18=121(8)=080402(5) 080402-1 Published by the American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.121.080402&domain=pdf&date_stamp=2018-08-22
https://doi.org/10.1103/PhysRevLett.121.080402
https://doi.org/10.1103/PhysRevLett.121.080402
https://doi.org/10.1103/PhysRevLett.121.080402
https://doi.org/10.1103/PhysRevLett.121.080402
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


to be small compared to the micrometer force range, and the
geometry enables close proximity between the sensor and the
source. Furthermore, the magnetic noise can be isolated well
by dynamical decoupling technology [26,27]. Recently, this
type of quantum sensor has been proposed and utilized to
explore electron-nucleon monopole-dipole interaction [28].
Herein, we focus on searching for exotic dipole-dipole

interaction mediated by axial-vector fields between elec-
trons. Figure 1(a) shows the schematic of the setup. A
single crystal of p-terphenyl doped with pentacene-d14,
0.05 mol%, is placed on the surface of the diamond.
The spin density of the sample is estimated to be ρ ¼
1.62 × 10−3 nm−3. The thickness of the single crystal is
h ¼ 15 μm. The long axis of the pentacene molecule is
nearly along the [111]-NVaxis. A 520-nm laser pulse with
the beam intensity being about 107 W=m2 is applied on the
single crystal to generate polarized electrons [22]. The NV
center labeled by S is a few micrometers below the surface
of the diamond. The ground state of the NV center is an
electron spin triplet state 3A2 with three substates jmS ¼ 0i
and jmS ¼ �1i [24]. A static magnetic field B0 of about
512 G is applied along the NV symmetry axis to remove the
degeneracy of the jmS ¼ �1i spin states. The spin states
jmS ¼ 0i and jmS ¼ −1i are utilized as a quantum sensor
[26]. The state of S can be manipulated by microwave
pulses labeled by MW in Fig. 2(a), which are delivered by a
copper microwave wire. The jmS ¼ þ1i state remains idle
due to the large detuning. Laser pulses with wavelengths
of 532 nm are applied to initialize and readout the state of
S [28]. There are two layers, a 150-nm-silver layer and a
100-nm-PMMA layer, between the single crystal and
diamond to isolate the two laser beams as well as
fluorescence from S and the single crystal.
The first step is to prepare polarized electrons. The

electronic energy level diagram of electron spins in a
pentacene molecule [29] is shown in Fig. 1(b). After being
excited by a 520-nm laser pulse, the pentacene can be
pumped from the singlet state S0 to the triplet manifold TE
via spin selective intersystem crossing [30,31]. The pop-
ulation of the state j0i of the triplet sublevels is much
greater than the states j�i, while the populations of j�i are
equal [22]. In our experiment, a 1.5 μs laser pulse by a
Gaussian beam with the radius of 35 μm was applied. A
radio-frequency (rf) pulse with frequency resonant to the
transition between j0i and jþi is applied after the laser
pumping. The frequency of rf is set to 820 MHz, and the
time duration of the rf pulse is 80 ns. After this rf pulse, a
nonzero population difference between the Zeeman eigen-
states of an external magnetic field (j � 1ip), with P0 being
about 0.5%, is generated [23]. After the polarization
procedure, the state of the electron spins will relax back
to the singlet ground state S0, which is of magnetic
resonance silence. This results in a decay of polarization
PðtÞ ¼ P0 expð−t=t1Þ with decay time t1 ¼ 7� 1 μs.

Now, we consider the interactions between polarized
electrons of pentacene and S. The magnetic diople-diople
interaction between a single electron spin and S is

H1 ¼ −
μ0γeγeℏ2

16πr3
½3ðσ⃗1 · r̂Þðσ⃗2 · r̂Þ − ðσ⃗1 · σ⃗2Þ�; ð1Þ

where σ⃗1 and σ⃗2 stand for Pauli vectors of the electron
spin of pentacene and that of S, respectively, and

(b)

(a)

FIG. 1. (a) Schematic experimental setup. A NV center in
diamond, which is labeled as S, is used to search for the exotic
dipole-dipole interaction between electrons. The source of
polarized electrons is provided by laser pumped pentacene doped
in a p-terphenyl single crystal with the thickness being
h ¼ 15 μm. The radius of the laser beam for pumping pentacene
is r0 ¼ 35 μm. The distance between the NV center and the
surface of the single crystal is labeled by d. An external magnetic
field, B0 ¼ 512 G, was applied along the NV’s axis (labeled by
the z axis). (b) The electronic energy diagram of pentacene within
a p-terphenyl host lattice under external magnetic field B0. A
laser with a 520-nm wavelength is used to pump the state of
pentacene from the singlet ground state S0 to the first excited
single state S1. Then, they decay quickly into the triplet state TE
through spin-selective intersystem crossing (ISC). The popula-
tion in the state j0i is much larger than that in j�i. A radio-
frequency pulse labeled by rf is to engineer the population of
states j0i and jþi. The spin polarization will relax back to the
ground singlet state by phosphorescence or nonradiative decay.
The decay time of states j�i is t1 ¼ 7� 1 μs [23].
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γe ¼ 2π × 2.8MHz/Gauss stands for the gyromagnetic
ratio of the electron spin. The symbol r⃗ is the displacement
vector between the electrons, and r ¼ jr⃗j and r̂ ¼ r⃗=r are
the displacement and the unit displacement vector, respec-
tively. The axial-vector dipole-dipole interaction mediated
by hypothetical axial-vector bosons [6] can be written as

H2 ¼
geAg

e
A

4πℏc
ℏc
r
ðσ⃗1 · σ⃗2Þe−r

λ; ð2Þ

where geAg
e
A=4πℏc is the dimensionless axial-vector cou-

pling constant between electrons, λ ¼ ℏ=ðmcÞ is the force
range, m is the mass of the hypothetical particle, ℏ is
Plank’s constant divided by 2π, and c is the speed of
light. When the electron spin of pentacene is in the state
of j þ 1ip, the quantum sensor S feels an effective
magnetic field from the electron spin, which can be
written as

beffðr; θÞ ¼ −
μ0γeℏ
8πr3

ð3cos2θ − 1Þ þ
�
geAg

e
A

4πℏc

�
2c
γe

e−
r
λ

r
; ð3Þ

where θ stands for the angle between the external
magnetic field and r⃗. The first term in the right part of
Eq. (3) is due to the magnetic dipole-dipole interaction,
and the second term is from the axial-vector coupling
between electrons. The effective magnetic field felt by S

from a bulk of pentacene with the electron spin density ρ
and polarization PðtÞ is

bðtÞ ¼ ρPðtÞ
Z
V
beffðr; θÞdV; ð4Þ

where V stands for the cylinder of polarized electrons. The
radius of the cylinder is equal to the radius of the laser
beam, which is 35� 5 μm. The thickness of the cylinder
is 15� 3 μm.
The experimental pulse sequence is shown in Fig. 2(a).

The first π=2microwave pulse prepares S to a superposition
state ðj0i − ij1iÞ= ffiffiffi

2
p

. The spin echo sequence [32] has
been applied on S to cancel unwanted semistatic magnetic
noise, and the coherence time of S is about 400 μs. The
delay time τ in the pulse sequence is fixed to be τ ¼ 30 μs,
which is much shorter than T2 and is much longer than the
decay time of polarized electrons t1. A 520-nm laser pulse
together with a rf pulse are applied on the bulk pentacene to
prepare polarized electrons. The polarized electrons gen-
erate an effective magnetic field bðtÞ on the NV center’s
electron spin via the coupling between them. This effective
magnetic field bðtÞ causes a phase shift ϕ ¼ R

τ
0 γebðtÞdt −R

2τ
τ γebðtÞdt on the state of S, and the final π=2 pulse
converts this phase shift to the population of the state
jmS ¼ 0i of S. The phase of the last π=2 is set to be 90°
relative to the first π=2 pulse, so that the accumulated phase
due to coupling to the polarized electrons can be obtained
by ϕ ¼ arcsinð1 − 2PjmS¼0iÞ, where PjmS¼0i stands for the
population in state jmS ¼ 0i of NV centers.
The experimental data are presented in Fig. 2(b). Three

NV centers with different depths have been chosen to
measure the signal from the polarized electrons. The three
depths of these NV centers are measured to be d ¼ 12, 23,
and 49 μm [33]. The experimental phases acquired by NV
centers are presented as black circles with error bars in
Fig. 2(b). The error bars are due to the photon statistics. The
red line is the fitting to the experimental data using Eq. (4)
with both of the two interactions included, when force
range is λ ¼ 500 μm. The initial polarization obtained by
this fit is P0 ¼ 4.7� 0.1%. When λ ¼ 500 μm, the fitting
provides geAg

e
A=4πℏc ¼ ð−0.78� 1.46Þ × 10−20. The value

of the axial-vector field induced interaction is less than its
standard deviation showing no evidence of the exotic
interaction observed in our experiment. The upper limit
of this interaction at λ ¼ 500 μm due to the statistical errors
can be set to be geAg

e
A=4πℏc ≤ 3.64 × 10−20 with 95% con-

fidence level. The constraint due to the statistical errors can
be obtained for any given force range λ with the same
procedure.
We examined systematic errors and analyzed the cor-

rections to geAg
e
A=4πℏc. We take λ ¼ 500 μm as an exam-

ple, while corrections due to these systematic errors are
listed in Table I. The main systematic error in our experi-
ment is those of the magnetic dipole-dipole interaction

(a)

(b)

FIG. 2. (a) Pulse sequence for measurement of the polarized
electrons by S. For the rf pulse, the frequency is 820MHz, and the
pulse length is 80 ns. For MW pulses, the frequency is 1.43 GHz,
and the pulse length of π=2ðπÞ is about 90 ns (180 ns). The pulse
lengths of all the laser pulses are 1.5 μs. The delay time between
MW pulses is set to τ ¼ 30 μs. (b) Black circles with error bars
are experimental accumulated ϕ due to the polarized electrons,
with different distances d ¼ 12, 23, and 49 μm. The error bars of
the data are due to the photon statistics. Red line is the fit for ϕ
with Eq. (4) when λ ¼ 500 μm.
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between electrons due to the uncertainties of experimental
parameters. For example, the distance between S and the
bottom of the pentacene bulk is 12� 1.3 μm, from which
the shift of the magnetic field felt by S due to the dipole-
dipole interaction is estimated to be 1.0ð115Þ × 10−10 T.
Then, a correction to geAg

e
A=4πℏc for 500 μm due to this

type of systematic error can be obtained as 1ð80Þ × 10−22.
The deviation in the x-y plane is mainly due to the long
time drift of our optical system, which was observed to be
less than 10 μm during our experiment. This effect causes a
correction to the coupling of −0.6ð1.3Þ × 10−20. The
systematic errors due to the uncertainty of the radius,
the thickness of the single crystal, and the relaxation time
of the polarized electron have been taken into account in
the Supplemental Material [33]. The correction due to the
decoherence time of S is also examined. The detailed
analysis of the systematic errors are included in Table I.
The total correction to the interaction at 500 μm is
−2.9ð6.0Þ × 10−20. The bound for the exotic interaction
with force range λ ¼ 500 μm is derived to be jgeAgeA=
4πℏcj ≤ 1.8 × 10−19 with a 95% confidence level, when
both statistical and systematic errors are taken into account.
The upper limits with different values of force range shown
in Fig. 3 are obtained with the same method.
Figure 3 shows the new constraint set by this work

together with recent constraints from experimental
searches for axial-vector-mediated dipole-dipole inter-
actions. Filled areas correspond to excluded values. For
the force range λ > 900 μm, the constraint was estab-
lished by Ritter et al. [7,12]. For the force range λ <
10 μm in Fig. 3, the upper limit was set by Kotler et al.
[14]. The red line is the constraint established by our
experimental observation, which clearly shows more
stringent constraints in the range from 10 to 900 μm.
Specifically, the obtained upper limit of the exotic dipole-
dipole interaction at 500 μm is about a factor of 50 more
stringent than the one set by Ref. [14]. The constraint may
be further improved by several strategies in the future. By
enhancing the power of the excited laser, the polarization
of the electron spin can be improved. Multiple laser
pumping pulses can be employed together with multipulse

dynamical decoupling sequence. Therefore, the accumu-
lated phase due to the polarized electron can be enhanced.
To reduce the systematic errors, one may fabricate the
single crystal of pentacene with more precision. The
location of the NV center can be addressed more precisely
by high resolution imaging technology, such as stimulated
emission depletion microscopy [35].
Conclusion.—We present an experimental platform to

constrain an exotic dipole-dipole interaction between elec-
trons. Our method benefits from the high controllability of
the quantum states of NV centers [36], which have been
employed as sensitive magnetometers. Our recent work
shows that NV centers can be utilized as a quantum sensor
to detect the monopole-dipole interaction between an
electron spin and nucleons at micrometer scale [28]. In
the present study, a new constraint on an axial-vector
mediated interaction between electrons for the force range
10–900 μm has been established. In the future, we expect
that other types of spin-dependent forces [6] might be
investigated by the NV-center quantum sensor. NV centers
will not only be an important quantum sensor for physics
within the standard model but will also be a platform for
probing hypothetical particles beyond the standard model.
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FIG. 3. Upper limit on the axial-vector-mediated dipole-dipole
interactions between electrons geAg

e
A=4πℏc as a function of the

force range λ and mass of the axial-vector bosons m. The black
solid lines represent upper bounds from Refs. [12,14]. Our
work (the red line) establishes a new laboratory bound in the
force range from 10 to 900 μm. The obtained upper bound of
the interaction at 500 μm is jgeAgeA=4πℏcj ≤ 1.8 × 10−19, which
is one order of magnitude more stringent than a previous
experiment.

TABLE I. Summary of the systematic errors in our experiment.
The corrections to geAg

e
A=4πℏc at λ ¼ 500 μm are listed.

Systematic error Size of effect Corrections

Deviation in x-y plane 0� 10 μm ð−0.6� 1.3Þ × 10−20

Distance 12� 1.3 μm ð1� 80Þ × 10−22

Decoherence of S 405� 23 μs ð−55� 6Þ × 10−22

Decay time 7� 1 μs ð−5� 36Þ × 10−21

Radius 35� 5 μm ð−3� 7Þ × 10−21

Thickness 15� 3 μm ð−9� 45Þ × 10−21

Polarization 4.7� 0.1% ð−1� 52Þ × 10−22

Total ð−2.9� 6.0Þ × 10−20
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