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We report new experimental results on exotic spin-spin-velocity-dependent interactions between
electron spins. We designed an elaborate setup that is equipped with two nitrogen-vacancy (NV)
ensembles in diamonds. One of the NV ensembles serves as the spin source, while the other functions as the
spin sensor. By coherently manipulating the quantum states of two NV ensembles and their relative velocity
at the micrometer scale, we are able to scrutinize exotic spin-spin-velocity-dependent interactions at short
force ranges. For a T-violating interaction, V¢, new limits on the corresponding coupling coefficient, fg,
have been established for the force range shorter than 1 cm. For a PT-violating interaction, V4, new
constraints on the corresponding coupling coefficient, f4, have been obtained for the force range shorter

than 1 km.
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Ultralight new bosons (m, <1 eV/c?) [1] beyond the
standard model are proposed to explain mysteries of
modern physics, such as strong CP problem [2-4], the
hierarchy problem [5], and the composition of dark matter
[6]. It is predicted that these hypothetical bosons, including
axions [7], familons [8], paraphotons [9], Z’ bosons [10],
etc., can serve as mediators of exotic interactions between
fermions [11,12]. Such spin-0 or spin-1 boson exchanges
within a Lorentz-invariant quantum field theory can be
categorized into 15 exotic spin-dependent interactions,
which enable methodical exploration with astrophysical
and laboratory searches [12,13].

With recent advances in precision measurement, spin
based sensors play a vital role in tabletop experiments
searching for the exotic spin-dependent interactions [14],
such as the ion trap [15], atomic magnetometer [16—19],
scanning probe microscope [20], nitrogen-vacancy (NV)
centers in diamond [21-24], and polarized torsion
pendulum [25,26]. Exotic spin-spin-velocity-dependent
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interactions (SSVDIs) can be mediated by spin-1 bosons
including the new massless paraphotons and light Z’
bosons [12]. In contrast to interactions introduced by
spin-0 bosons, interactions mediated by new spin-1 bosons
can avoid astrophysical constraints due to potential loop-
holes [12,27], making direct laboratory searching important
and necessary. While static exotic spin-spin interactions
have been strictly constrained over a broad range of
distance scales [21,25,26,28-30], the investigation of
SSVDIs is less extensive, especially in the force range
below 1 cm [16,31]. The experimental search at short force
ranges remains unexplored due to the challenges in
coherently steering quantum states of electron spins, high
precision magnetic sensing, and spatial position modula-
tion at micrometer scale.

In this Letter, we experimentally investigated SSVDIs
between polarized electrons utilizing two individual ensem-
ble-NV diamonds. One type of the SSVDIs whose potential
follows the notation in Ref. [12] can be given as

(61 - D) (62 - 7)
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where f is the dimensionless coupling coefficient, and &,
and &, are the unit spin vectors of the two interacting
fermions, respectively. v is the relative velocity between
them, r = |r| is the displacement, and 7 is the unit
displacement vector. 7 is the reduced Planck’s constant,
c is the speed of light in vacuum, and m, is the mass of the
electron. A = 7/ my,c is the interaction range determined by
the mass of the mediated new boson m,;,. The SSVDI can be
induced by the exchange of virtual Z’' bosons [12], which
are motivated by various theoretical scenarios of beyond-
the-standard-model physics, and are candidates for dark
matter [32]. Laboratory searching for the SSVDI offers
a promising avenue to further our understanding of
7' bosons’ fundamental physics. The exotic interaction
can be characterized as an effective magnetic field acting on
NV electron spins. It can be described as

h A A
B = —fﬁrm Ve (61 - V) (6, - 7)
S R A
+ (6 - 7) (65 - V)] ) (2)

where y is the gyromagnetic ratio of the electron spin. In
this work, we utilized an NV ensemble as a magnetometer
to search for the possible magnetic field due to the SSVDI
from another NV ensemble, which acts as a polarized
electron spin source. Compared with previously used
electron spin sources such as SmCos magnets [16], the
electron spin states of NV ensembles can be modulated
instantaneously and efficiently via optical and microwave
pulses. Moreover, the small geometry size of the ensemble-
NV diamonds enables close proximity between the spin
sensor and spin source, which is essential for detecting
exotic spin-dependent interactions at short force ranges.
The geometric schematic of our setup is shown in
Fig. 1(a). We used two 660 x 661 x 574 pm® diamond
crystals (labeled with Diamond I and II in Fig. 1) with
(100) oriented surfaces. NV centers with a concentration
being 14 (22) ppm were doped within a thin layer 4, (h,)
= 23 um at the Diamond I (I) surface, and were utilized as
the spin sensor (source) for SSVDIs, respectively. The spin
source was placed above the spin sensor, where the distance
between the two diamonds was d being 18.5 pm. To
separately manipulate and read out the spin states of the
spin sensor and the spin source, we constructed two sets of
laser and fluorescence collection channels. The spin sensor
was illuminated by a 532-nm laser with a beam diameter of
about 40 pm via the flank of the diamond. The red
fluorescence emitted from the spin sensor was collected
via a compound parabolic concentrator below. The other
green laser was sent through an objective above to excite
the spin source with a spot radius R being 52 pm. The
fluorescence from the spin source was collected by the
same objective. A 500-nm silver layer was fabricated on
Diamond II to isolate the two laser beams as well as
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FIG. 1. (a) Schematic experimental setup. The spin sensor is a
thin NV layer on Diamond I. The spin source is another thin NV
layer on Diamond II. The laser and microwave applied on the spin
sensor (source) are labeled as Laser I (II) and MW 1 (II),
respectively. There was a silver layer isolating the two optically
detected systems. The spin source was modulated to vibrate
perpendicularly to the diamond surface. (b) Energy-level diagram
and atomic structure of NV center in diamond. NV electronic spin
states can be optically initialized and read out.

fluorescence from two NV layers. The sensing area of the
spin sensor and the polarized region of the spin source were
monitored by an upper camera according to fluorescence
images (see Supplemental Material for details [33]). To
investigate SSVDIs, the spin source was modulated by
a piezoelectric bender to vibrate at v with frequency
fvib = 1.337 kHz.

As shown in Fig. 1(b), NV ground state is an electron
spin triplet state with three spin states |m; =0) and
|mg = 1) [37]. A static magnetic field B, being 94 gauss
was applied along the NV symmetry axis of the spin sensor
to separate |m; = £1) spin states. We positioned the two
diamonds with a relative angle of 54° rotated along the
vertical direction, such that the projection of the bias
magnetic field B, onto the NV axis differed for each
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FIG. 2. Measurement of the polarized spin density of the spin source. (a) The laser and the microwave sequences and the time
evolution of the magnetic dipole field By. T4 = 1/ f4. (b) Fourier transformation spectrum of B,. Inset: square-wave signal of By in time
domain. (c) Experimental results of the measured magnetic dipole fields and the measured polarized spin densities under on-resonance

and off-resonance conditions.

sample. It resulted in the difference between the
|mg = 0) — |mg = +1) transition frequencies of the two
NV ensembles, which enabled us to control them inde-
pendently via microwaves of two distinct frequencies (see
Supplemental Material for details [33]).

The spin sensor is an ensemble-NV diamond magne-
tometer. A typical continuous-wave method was carried out
with the |m; = 0) — |m; = +1) transition of the sensor,
wherein laser and microwave field were continuously
applied [38,39]. We applied frequency modulation to the
microwave on the spin sensor, encoding the magnetic-field
information in a band around the modulation frequency.
The laser fluctuation was also recorded for noise cancella-
tion. The magnetic sensitivity of the ensemble-NV dia-
mond magnetometer is 2 nT/v/Hz within the frequency
range from 1 to 2 kHz (see Supplemental Material for
details [33]).

First, the polarized spin density of the spin source was
obtained by measuring the magnetic dipole-dipole inter-
action between the spin sensor and the spin source.
Figure 2(a) shows schematically the experimental laser
and microwave sequences. The magnetic polarization of the
spin source was modulated by periodically switching MW
IT with 50% duty cycle at frequency being 14 Hz. When the
laser continuously pumped the spin source to |m,; = 0),
nonzero magnetic polarization of the electron spin can be
realized with the resonant microwave. Since the polariza-
tion changes fast during the switching process of MW 1I,
the magnetic field By sensed by the spin sensor can be
characterized as a square wave (see Supplemental Material
for details [33]). Thus, it can be decomposed into a series of
odd sinusoidal harmonics:

Morh 1 / / 3( Al'?)(fz‘?)—fl'fz
Bi=—"—"F"——p, av av’
d 8 VI pol Vi Vi 3

= 3" B{sin(2anfe).

n=odd

where V; (V) stands for the integration volume of the spin
sensor (spin source), y, is the vacuum permeability, pp,q is

the polarized spin density of the spin source, and BS") is the
nth Fourier coefficient of By. The frequency spectrum of By
is shown in Fig. 2(b), including components at f4, 3f4, 5f 4,
etc. We extracted the amplitude of the first-order harmonic

Bgl) with a lock-in amplifier at f;. As shown in Fig. 2(c),

when MW II was on resonance, B((il) was measured to be

6.41(9) nT. When MW 1II was off resonance, the result
presented a zero signal. The polarized spin source density
Ppol Was then obtained to be (1.14 £0.02) x 10 m™
when MW II was on resonance.

The experimental sequences to detect the SSVDIs are
shown in Fig. 3(a), together with the time evolution of
velocity » and corresponding effective magnetic field By.
Continuous application of MW II maintained the polari-
zation of the spin source in a steady status, which enabled
long-term stable searching. Since the spin source vibrates at
a fixed frequency f.;, = 1.337 kHz, the velocity of the spin
source can be expressed as v(t) = 2zf A sin(2znfpt),
where A = 36.7 nm is the vibration amplitude. The effec-
tive magnetic field sensed by the ensemble-NV diamond
magnetometer due to Vg is

1
B :Vpp()l/ dV/ dV'Bs
I Vi Vi

Bg’l) sin(2znfyipt),

(4)

I
[M]s

n=1

where Bi;‘f) is the nth Fourier coefficient of B.;. Based on
numerical simulations, the field strength primarily lies in
the first-order harmonic component, as shown in Fig. 3(b)
(see Supplemental Material for details [33]). The amplitude
of the first-order harmonic Bgf) was extracted by a lock-in
amplifier with demodulation frequency being f;,. After
calibration of the phase ¢ of the demodulation reference
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FIG. 3. Experimental searching for the SSVDIs. (a) The ex-

perimental sequences and the time evolution of velocity v and the
possible effective magnetic field Byg. Ty, = 1/ fyip- (b) Fourier
transformation spectrum of B.y. Inset: calculated By in time
domain. (c¢) Experimental results of the measured effective
magnetic field induced by SSVDIs. Each point and its error
bar represent the average and the standard error of 1 h dataset.
The dashed magenta line marks the zero value of Bgf) The top
inset shows the histogram of experimental results for the first 1 h
dataset, in which the red solid line indicates a valid fit to the
Gaussian distribution.

signal, the velocity-dependent signal Bgf) and displacement-

dependent signal correspond to the quadrature channel and
in-phase channel of the lock-in amplifier, respectively. To
mitigate the impact of magnetic dipole-dipole interactions,
magnetic field shielding was usually employed in previous
experiments [16,19], whereas in our study, it is unnecessary
(see Supplemental Material for details [33]).

The total searching experiment was performed for 26 h
to reduce statistical uncertainty. The mean value and the
standard error of each dataset are shown in Fig. 3(c), where
the fit in the inset indicates that each set of data follows a
Gaussian distribution. With the overall 26-h data, the first-
order amplitude of the effective magnetic field Bgf) is
determined to be (—2.8 £ 7.8) pT with the reduced chi
square y> = 0.82. The mean value of the measured effec-
tive field is smaller than its standard deviation, indicating
no evidence of exotic SSVDIs in this experiment. This sets
new limits on the coupling coefficients corresponding to
SSVDIs.

Systematic errors are summarized in Table I, where we
take A =1 mm as an example. The main contributions
come from the uncertainties of geometric parameters of the
spin source, such as the radius of the polarized NV area and
the thickness of the NV layer. The polarized spin density
Ppor and its uncertainty were obtained by monitoring the
magnetic dipole interaction over a long period. Other
systematic errors include the uncertainty of the phase ¢
of demodulation reference signal, the fluctuation of coef-
ficient 7 between the magnetometer output voltage signal,
and the sensed magnetic field. We also analyzed some other
possible sources of systematic errors that are not listed due
to their negligible effect, such as the effects of the moving
surface charges and the demagnetization factor of the spin
source (see Supplemental Material for details [33]). The
overall systematic error was derived by assuming the
systematic uncertainties independent of each other and
combining all of them in quadrature. Therefore, we quote
the final coupling coefficient as fg = (—0.27 £ 0.764, +
0.064y,) for 4 = 1 mm, which determines |fq| < 1.76 at the
95% confidence level. By varying the force range and
repeating a similar procedure, the constraints on coupling
coefficients for the explored force ranges can be obtained.

TABLE I. Summary of systematic errors. The corrections to f¢ and f14 with A = 1 mm are listed.
Parameter Value Afg Af14(10719)
Diameter 2R 104 £ 1 pm +0.01 +0.03
Thickness h, 23 + 1 pm +0.01 +0.01
Thickness h, 23+ 1 pm +0.02 +0.06
Amplitude A 36.7 £ 0.5 nm £0.01 +0.02
Distance d 18.5 £ 0.6 pm +0.01 40.01
Phase ¢ —6.7 £ 4.4° +0.01 jrg:g%
Deviation in x 46 +£ 1 um 18:‘(’)2 +0.01
Relative angle 54.0 £04° +0.01 +0.01
Coefficient 7 4.1+£0.1 V/mT +0.01 +0.03
Polarized density pp (1.14 £0.02) x 10> m™3 +0.01 +0.02

Final f¢ -0.27

Final f,, ~1.36 x 1010

+0.76 (statistic)
40.06 (systematic)

+3.80 (statistic)
+0.08 (systematic)
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(a) Experimental constraints on f between electrons as a function of the force range A and the boson mass. The gray filled

regions are excluded parameter spaces. The black line indicates upper limit on the coupling established by our experiment for the force
range 1 < 1 cm. (b) Experimental constraints on f4 between electrons. Our work sets new constraints for the force range 1 < 1 km.

It is important to note that the geometric factors for
different force ranges have been accounted for in the
calculation.

Figure 4(a) shows the experimental constraints on fg
established by our work. For the force range from 1 cm to
1 km, the most stringent constraints were set by Ji et al.
[16], in which a spin-exchange-relaxation-free comagne-
tometer was utilized to detect the possible effective magnetic
field created by rotating SmCos permanent magnets as
electron spin sources. Our experiment is more sensitive to
exotic interactions at micrometer scale and sets stringent
limits in the force range from around 10 pm to 1 cm.

Furthermore, our results can also be utilized to constrain
another SSVDI between electrons:

V= fugel@xa) a()et
/3 r

Only one preceding experiment has constrained directly on
f14 using electron spins within the earth as the spin source
[31]. However, that work has not provided constraints for
A <1 km, where fluctuations in the local polarized geo-
electron density and potential local ferromagnetic interfer-
ence will render the results unreliable at short ranges [30].
As shown in Fig. 4(b), our work explores the parameter
space inaccessible for the geoelectron experiment, and
offers new direct constraints on f, in the force range of
1 pm to 1 km.

In summary, we report a new experimental search of two
types of SSVDIs between polarized electrons. Using an NV
ensemble as the spin sensor and another high-concentration
NV ensemble as the spin source, we set new limits on Vg
and V4 at the micrometer scale. We anticipate that further
advances in experimentation will facilitate the search
process in the future. To achieve higher polarized spin
density, we can use high-power laser and microwave pulses
to polarize the spin source. Moreover, using a silicon
carbide heat spreader connected to the diamond can
mitigate laser-induced thermal effect [40], and employing
an infrared absorption readout method can effectively

improve the detection efficiency [41]. The application of
the pulsed magnetic detection method is expected to
achieve a better signal contrast. Therefore, the magnetic
sensitivity of the ensemble-NV diamond magnetometer can
be improved. We note that although other SSVDIs like V5,
Vs, V6 vanish between two identical electrons because of
commutative antisymmetry [12,13], these exotic inter-
actions involving electron spins and polarized nucleons
may still exist and allow detection utilizing the extension of
our platform. With the development of spin-mechanical
quantum chip technology, the exotic interactions can be
investigated at shorter force range [42]. Overall, taking
advantages of manipulation of the polarized spin states, NV
ensembles have demonstrated a potential for searching
exotic spin-spin interactions beyond the standard model.
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