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New Constraints on Exotic Spin-Spin-Velocity-Dependent Interactions with Solid-State Quantum
Sensors
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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, Vg, new limits on the corresponding coupling coefficient, fg, have been established for the force
range shorter than 1 cm. For a P,T-violating interaction, V4, new constraints on the corresponding coupling
coefficient, f14, have been obtained for the force range shorter than 1 km.

Ultralight new bosons (m;, < 1 eV/icd[1] beyond the Stan-
dard 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’s pre-
dicted 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 fifteen
exotic spin-dependent interactions, which enable methodi-
cal exploration with astrophysical and laboratory searches
[12, 14].

With recent advances in precision measurement, spin based
sensors play a vital role in table-top experiments searching
for the exotic spin-dependent interactions [15], such as the
ion trap[16], atomic magnetometer[17—19], scanning probe
microscope[20], NV centers in diamond[21-24] and polar-
ized torsion pendulum([25, 26]. Exotic Spin-Spin-Velocity-
Dependent 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 loopholes in astro-
physical and cosmological limits[12, 27], making direct lab-
oratory searching important and necessary. While static ex-
otic spin-spin interactions have been strictly constrained over
a broad range of distance scales[21, 25, 26, 28-30], the inves-
tigation of SSVDIs is less extensive, especially in the force
range below a centimeter[17, 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 modulation at
micrometer scale.

In this work, we experimentally investigated SSVDIs be-
tween polarized electrons utilizing two individual ensemble-
NV-diamonds. One type of the SSVDIs whose potential fol-
lowing the notation in Ref.[12] can be given as
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where fg is the dimensionless coupling coefficient, 6; and 6,
are the unit spin vectors of the two interacting fermions, re-
spectively. v is the relative velocity between them, r = |#] is
the displacement and # is the unit displacement vector. # is
the reduced Planck’s constant, ¢ is the speed of light in vac-
uum and m, is the mass of the electron. A = ii/myc is the
interaction range determined by the mass of the mediated new
boson mj;. The SSVDI can be induced by the exchange of
virtual Z’ bosons[12], which are motivated by various theoret-
ical scenarios of beyond-the-Standard-Model physics, and are
candidates for dark matter[13]. Laboratory searching for the
SSVDI offers a promising avenue to further our understanding
of Z' bosons fundamental physics. The exotic interaction can
be characterized as an effective magnetic field acting on NV
electron spins. The effective magnetic field generated from
the spin source on the spin sensor is:
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FIG. 1. (a) Schematic experimental setup. The spin sensor consists of
a thin layer of NV centers at the surface of a diamond chip (labeled as
Diamond I). The spin source is another thin NV layer on a diamond
chip (labeled as Diamond II). The laser and microwave applied on
the spin sensor (source) are labeled as Laser I (II) and MW I (II),
respectively. Laser I and Laser II illuminated the spin sensor and spin
source from the side and top, respectively. There was a silver layer
isolating the two optically detected systems. The spin source was
modulated to vibrate with velocity v perpendicular to the diamond
surface. (b) Energy-level diagram and atomic structure of NV center
in diamond. NV electronic spin states were excited and initialized by
green laser and detected via spin-state-dependent red fluorescence.
The triplet ground-state spin transitions can be excited by resonant
microwaves.
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where 7y 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[17], the electron spin states of NV
ensembles can be modulated instantaneously and efficiently
via optical and microwave pulses. Moreover, the small geom-
etry size of the ensemble-NV-diamonds enables close proxim-
ity 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 um?> diamond crystals (labeled
with Diamond I and II in Fig. 1) with (100) oriented sur-
faces. NV centers with a concentration being 14 (22) ppm
were doped within a thin layer A () =23 pm at the Diamond
I (I) surface. The high concentration NV centers in the two
diamonds were utilized as the spin sensor (Diamond I) and
the spin source (Diamond II) for SSVDIs, respectively. The
spin source was carefully placed above the spin sensor at the
position 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 wm via the flank of the diamond. The
red fluorescence emitted from the spin sensor was collected
via a compound parabolic concentrator below diamond I. The
other green laser was sent through an objective above to ex-
cite the spin source with a spot radius R being 52 um. 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 fluorescence from
two NV layers. The sensing area of the spin sensor as well
as the polarized region of the spin source were monitored by
an upper camera according to fluorescence images (see Ap-
pendix A for details). To investigate SSVDISs, the spin source
was modulated by a piezoelectric bender to vibrate at v with
frequency fyi, = 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 |m; = £1)[32].
A static magnetic field By 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 rel-
ative angle of 54° rotated along the vertical direction, such
that the projection of the bias magnetic field By onto the NV
axis differed for each sample. It resulted in the difference be-
tween the |m; = 0) — |m; = +1) transition frequencies of the
two NV ensembles, which enabled us to control them inde-
pendently (see Appendix A for details). Microwaves of two
distinct frequencies (labeled as MW I and MW II in Fig. 1)
were delivered via a double-split-ring-resonator to manipulate
the spin states of the spin sensor and the spin source, respec-
tively.

The spin sensor is an ensemble-NV-diamond magnetome-
ter in this work. A typical continuous-wave method was car-
ried out with the |ms = 0) — |m; = +1) transition of the
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FIG. 2. Measurement of the polarized spin density of the spin source. (a) The laser and the microwave sequences applied on the spin sensor
and the spin source as well as the time evolution of the magnetic dipole field By. Ty = 1/fq4. (b) Fourier transformation spectrum of By. 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.

sensor, wherein laser and microwave field were continuously
applied[33, 34]. We applied frequency modulation to the mi-
crowave on the spin sensor, encoding the magnetic-field infor-
mation in a band around the modulation frequency. The laser
fluctuation was also recorded for noise cancellation. The mag-
netic sensitivity of the ensemble-NV-diamond magnetometer
is 2 n'T/+/Hz within the frequency range from 1 to 2 kHz (see
Appendix A for details).

Prior to searching for the exotic interactions, the polarized
spin density of the spin source was obtained by measuring
the magnetic dipole-dipole interaction between the spin sen-
sor and the spin source. Figure. 2(a) shows schematically the
laser and the microwave sequences applied on the spin sen-
sor and spin source. The magnetic polarization of the spin
source was modulated by periodically switching MW 1II via a
microwave switch with 50% duty cycle at frequency being 14
Hz. When the laser continuously pumped the spin source to
|my = 0), nonzero magnetic polarization of the electron spin
can be realized with the resonant microwave being turned on.
Since the polarization changes fast during the switching pro-
cess of MW 11, the magnetic field By sensed by the spin sensor
due to the magnetic dipole-dipole interaction can be charac-
terized as a square wave (see Appendix B for details). Thus it
can be decomposed into a series of odd sinusoidal harmonics:
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where V1 (V1) stands for the integration volume of the spin
sensor (spin source), o is the vacuum permeability, ppo| is
the polarized spin density of the spin source and Bgn) is the n-
th Fourier coefficient of By. The frequency spectrum of By is

shown in Fig. 2(b), including components at f3, 3 fg, 5 f4, etc.

We extracted the amplitude of the first-order harmonic B((jl)

with a lock-in amplifier at fy. As shown in Fig. 2(c), when
MW II was on-resonance, Bfi]) was measured to be 6.41(9)
nT. When MW II was off-resonance, the result presented a
zero signal. The polarized spin source density p,,; was then
obtained to be (1.14 4 0.02) x 102> 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 ve-
locity v and corresponding effective magnetic field Beg. Con-
tinuous application of MW II maintained the polarization of
the spin source in a steady status, which enabled long-term
stable searching. Since the spin source vibrates at a fixed fre-
quency fyvipb=1.337 kHz, the velocity of the spin source can be
expressed as v(t) = 2x fyipA sin(27n fyipt ), where A = 36.7 nm
is the vibration amplitude measured by a commercial Doppler
interferometer. The effective magnetic field sensed by the
ensemble-NV-diamond magnetometer due to Vg is:
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where Bgflf) is the n-th Fourier coefficient of Bes. Based on

numerical simulations, the field strength primarily lies in the
first-order harmonic component, as shown in Fig. 3(b) (see
Appendix C for details). The amplitude of the first-order har-

monic Bgf) was extracted by a lock-in amplifier with demod-
ulation frequency being f,i,. After calibration of the phase ¢
of the demodulation reference signal, the velocity-dependent
signal Bé}f) and displacement-dependent signal correspond to
the quadrature channel and in-phase channel of the lock-in
amplifier, respectively (see Appendix C for details). To elim-

inate the effects of magnetic dipole-dipole interactions, pre-



vious experiments usually employed magnetic field shielding
[17]. This resulted in a considerable distance between the
spin source and the spin sensor. In our experiment, the mag-
netic field shielding is not required due to the following rea-
son. Though the magnetic dipole-dipole interaction between
the vibrating spin source and the sensor produces a magnetic
field on the sensor, our setup responses only to the magnetic
field with a center frequency of fyj, and the DC component
of the field does not contribute to the signal collected by our
setup. The strength of the AC component of the field due
to the magnetic dipole-dipole interaction is negligble and in
phase with displacement, which is orthogonal to the signal
due to the SSVIDs. Therefore, we can search for the pos-
sible signal due to SSVIDs without the influence of the mag-
netic dipole-dipole interactions and can get rid of the magnetic
shielding.
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FIG. 3. Experimental searching for the SSVDIs. (a) The experimen-
tal sequences applied on the spin sensor and spin source, as well as
the time evolution of velocity v and the possible effective magnetic
field Begr. Toip = 1/ fvip- (b) Fourier transformation spectrum of Begt.
Inset: calculated Beg 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 one-
hour dataset. The dashed magenta line marks the zero value of Bép.
The top inset shows the histogram of experimental results for the first
one-hour dataset, in which the red solid line indicates a valid fit to the
Gaussian distribution.

The total searching experiment was performed for 26 hours
to reduce statistical uncertainty. The mean value and the stan-
dard error of each data-set 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-hour data, the first order am-
plitude of the effective magnetic field Bé}f) is determined to be
(—2.8+7.8) pT with the reduced chi-square ¥ = 0.82. The
mean value of the measured effective field is smaller than its
standard deviation, indicating no evidence of exotic SSVDIs
in this experiment. This sets new limits on the coupling coef-

ficients 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, the thickness of
the NV layer, and the deviation of the spin source and the
spin sensor in x-axis direction. The polarized spin density
Ppol and its uncertainty were obtained by monitoring the mag-
netic dipole interaction over a long period. Other systematic
errors include the uncertainty of the phase ¢ of demodula-
tion reference signal, the fluctuation of coefficient 1] between
the magnetometer output voltage signal and the sensed mag-
netic field. We also analyzed some other possible sources
of systematic errors which are not listed in the table due to
their negligible effect, such as the effects of the moving sur-
face charges and the demagnetization factor of the spin source
(see Appendix D for details). The overall systematic error
was derived by assuming the systematic uncertainties inde-
pendent of each other and combining all of them in quadra-
ture. Therefore, we quote the final coupling coefficient as
fo = (—0.27 £0.7645 £ 0.064y) for A =1 mm, which deter-
mines |fg| < 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. It is important to note that the geometric factors for
different force ranges have been accounted for in the calcula-
tion.

Figure 4(a) shows the experimental constraints on fg es-
tablished by our work. For the force range from 1 cm to 1
km, the most stringent constraints were set by Ji et al. [17],
in which a spin-exchange-relaxation-free (SERF) comagne-
tometer was utilized to detect the possible effective magnetic
field created by rotating SmCos permanent magnets as elec-
tron spin sources. Our experiment, benefiting from the small
size of ensemble-NV-diamonds, is more sensitive to exotic in-
teractions 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:

Vig = f14%[61 X 62)-V] (i) e, (5)
Only one preceding experiment has constrained directly
on fi4 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 fi4 in the force range of 1 um 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 Vy4 at the micrometer scale. We anticipate that further



(a) Mass (eV)
102 107 10 107
10'f
L‘_\O
10° : : :
107 104 1073 10 107!
A (m)

(b) Mass (eV)
102 10 10 108
100+
LHE
10°F
107}
107 107 107! 10! 10°
A (m)

FIG. 4. (a) Experimental constraints on fg 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 A < 1
cm. (b) Experimental constraints on f)4 between electrons. Our work sets new constraints for the force range A < 1 km.

TABLE 1. Summary of systematic errors. The corrections to fg and
f14 with A = 1 mm are listed.

Parameter Value Afs Af12(10710)
Diameter 2R 104+ 1 pm +0.01 +0.03
Thickness i 23+ Ipm +0.01 +0.01
Thickness /i, 23+ lpm +0.02 +0.06
Amplitude A 36.740.5 nm +0.01 +0.02
Distance d 18.54+0.6 um +0.01 +0.01
Phase ¢ —6.7+4.4° +0.01 oo
Deviation in x 46+ 1 um ook +0.01
Relative angle 54.0+0.4° +0.01 +0.01
Coefficient 4.140.1 V/mT +0.01 +0.03
Polarized Density ppor (1.14£0.02) x 10%* m—3 +0.01 +0.02

Final fq

-0.27

+0.76 (statistic)

+0.06 (systematic)
+3.80 (statistic)
+0.08 (systematic)

Final fi4 —1.36x 10710

advances in experimentation will facilitate the search pro-
cess in the future. To achieve higher polarized spin den-
sity, 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 mitigates laser-
induced thermal effect[35], and employing an infrared ab-
sorption readout method can effectively improve the detec-
tion efficiency[36]. The application of the pulsed magnetic
detection method is expected to achieve a better signal con-
trast. Therefore, the magnetic sensitivity of the ensemble-NV-
diamond magnetometer can be improved in the future. We
note that despite the fact that other SSVDISs like V7, Vis, Vig
vanish between two identical electrons as a result of commu-
tative antisymmetry[12, 14], these forms of exotic interactions
involving electron spins and polarized nucleons may still ex-
ist and allow detection utilizing the extension of our platform.
With the development of spin-mechanical quantum chip tech-
nology, the exotic interactions can be investigated at shorter
force range[37]. 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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Appendix A: Experimental setup

1. Schematic of the experimental setup

The scheme of the experimental setup is shown in Fig.5.
The spin sensor was a 23-um-thick nitrogen-vacancy (NV)
ensemble at the surface of diamond I with a concentration
being 14 ppm. The 532-nm laser (Laser I) provided by a
high-power optically pumped semiconductor laser (Combolt,
0532-05-01-1500-700) was focused by a 5-cm lens and il-
luminated the spin sensor via the flank of the diamond. A
half-wave plate was utilized to adjust the optical polarization
of the laser. The red fluorescence emitted from the spin sen-



sor was collected through a compound parabolic concentrator,
filtered by a long-pass filter and detected by a photodetector
(PD1, Thorlabs, SMO5PD1A). Another PD (PD2, Thorlabs,
SMOSPD1A) was utilized to record the power fluctuation of
Laser I for noise cancellation.
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FIG. 5. The schematic of the experimental setup. A/2, halfwave
plate; BS, beam splitter; PBS, polarizing beam splitter; DM,
Dichroic Mirror; CPC, compound parabolic concentrator; PD, photo-
diode; LIA, lock-in amplifier; PIN, positive-intrinsic-negative diode.
Jfmod» the modulation frequency of the microwave of the spin sensor;
Jvib the vibration frequency of the spin source.

The spin source was the other 23-um-thick NV layer at the
bottom of diamond II with a concentration of NV centers be-
ing 22 ppm. The spin source was attached to a piezoelectric
bender and was placed above the spin sensor where the dis-
tance between them was d = 18.5 um. The green laser (Laser
IT) was sent through an objective (Nikon, CFI S Plan Fluor
ELWD 20XC) above the spin source. The fluorescence from
the spin source was collected by the same objective and then
detected by a photodetector (PD3, Thorlabs, SMOSPD1A). A
500-nm-silver layer was coated on the bottom of diamond
II to isolate the two laser beams as well as fluorescence. A
charge-coupled device (CCD, Thorlabs, CS165MU) was used
to monitor and estimate the effective areas of the spin sensor
and the spin source.

A 94 gauss static bias magnetic field By was applied along
one of the NV axes of the spin sensor with a permanent mag-
net. The two pieces of diamonds were carefully positioned
with a relative rotation angle of 54° along the vertical axis
so that the projection of By onto the NV axis differed for
the spin sensor and the spin source. Therefore, the reso-
nant frequencies of the microwave applied on the spin source
and the spin sensor were different. The resonant microwave
applied on the spin sensor (source), MW I (II), with fre-

quency being 3106 (3040) MHz was generated by Synthesizer
I (IT) (National Instrument, FSW-0010). Microwave fields
from two microwave channels were combined by a combiner
(Mini-circuits, ZN2PD2-14W-S+), amplified by a power am-
plifier (Mini-circuits, ZHL-15W-43-S+) and delivered to both
the spin source and the spin sensor via a double-split-ring-
resonator.

MW I was modulated with the modulation frequency fioq =
79.426 kHz. The signal of PD1 and PD2 were demodulated by
LIA1 (Zurich Instruments, HF2LI) with the frequency fioq4-
Another lock-in amplifier (LIA2, Zurich Instruments, HF2LI)
was used to drive the vibration of the piezoelectric bender at
frequency fyi, = 1.337 kHz and demodulate the magnetome-
ter signal from LIA1 with fiip.
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FIG. 6. Measurement of the area of the spin sensor and the spin
source. (a) Fluorescence image of the spin source NV volume. (b)
(c) Slides through the image in (a) (horizontal, (b); vertical, (c)) fitted
to Gaussian line shapes. The FWHM of the spot measured by CCD
was 104 pm. (d) Fluorescence image of the spin sensor NV volume.
(e) Horizontal cut through the image in (d) fitted to a Gaussian line
shape.

2. Estimation of the area of the spin sensor and the spin source

The areas of the spin sensor and the spin source were mea-
sured by fluorescence images with a CCD, with the method
introduced in Ref.[38]. Figure 6(a) shows the fluorescence
image of the spin source. Figure 6(b) and (c) show the hori-
zontal and vertical slices of the image and the Gaussian fits to
the lines. The extracted spot size is 104(1) um FWHM both
horizontally and vertically. Thus the spin source volume is
modeled as a cylinder with a radius R = 52 um and a height of
23 um. Figure 6(d) shows the fluorescence image of the sens-
ing volume of the spin sensor. The laser was applied from the
flank of the diamond and formed a long strip on the NV layer
of the diamond. Part of the light spot was blocked by the ro-
tated diamond above, whose bottom was coated with silver.
Figure 6(e) shows the horizontal slice through the unblocked
part and a fitting with a Gaussian line being 37.8 um FWHM.



Thus the volume of the spin sensor can be taken as a cuboid
of (37.8 x 660 x 23) um>.

Figure 7(a) is the fluorescence image of the spin sensor and
the spin source, and how they are positioned relative to each
other. Figure 7(b) shows a top view schematic diagram. The
sensing area of the spin sensor is a long strip with a length
[ =660 um, width w = 37.8 um and height #; =23 um. The
area of the spin source is a cylinder with radius R = 52 um
and height 4, = 23 um. The centers of the spin source and the
spin sensor were offset by Ax =46 pum in the x direction and
Ay =90 um in the y direction.

(a) (b)

Spin Sensor

Diamond 1T

FIG. 7. (a) Fluorescence image of the spin sensor together with the
spin source. (b) Schematic diagram of experimental parameters from
a top view.

3. Distinct resonant frequencies of the spin sensor and the spin
source

We positioned the spin sensor and the spin source with a rel-
ative angle so that the NV centers of sensor and source can be
manipulated independently by microwaves with two different
frequencies. Figure 8 shows the first-order differential Opti-
cally Detected Magnetic Resonance (ODMR) spectrum of the
source with a 94 gauss static field By along the sensor’s NV
axis. The power of Laser II was set to be 100 mW. Note that
Laser I was turned off during this measurement. The eight res-
onance signals correspond to the |m; = 0) — |m; = +1) and
|ms = 0) — |ms; = —1) transitions of the four NV axes.

When we turned on both lasers, the simulated and exper-
imental first-order differential ODMR spectrum of the spin
source and spin sensor are shown in Fig. 9(a) and (b), respec-
tively. Only |mg = 0) — |my = +1) transitions are presented
here. Figure 9(c) was obtained by demodulating the fluores-
cence from the spin sensor and the spin source, with Laser I
of 600 mW and Laser II of 100 mW. Part of the data has been
magnified by 5 times, because the fluorescence from the spin
source was much weaker than that of the spin sensor. In addi-
tion, due to the heating effect of Laser, the zero-field splitting
in Fig. 9 was shifted by 22 MHz compared with that in Fig.
8. In our experiment, we applied resonant microwave field to
control the spin states of the spin source (sensor), as indicated
by the red (black) arrow in Fig. 9(c). For the spin source,
the frequency of the resonant microwave was 3040 MHz. For
the spin sensor, the frequency of the resonant microwave was

3106 MHz.

Exp. Source

=}
S
T

o
N
T

o
N}

Signal Amplitude (mV)
) S o
o

IS
~

| | | | | |
2600 2700 2800 2900 3000 3100
Microwave (MHz)

FIG. 8. The experimental ODMR spectrum of the spin source.
The eight resonance correspond to the |ms; = 0) — |mg = +1) and

|ms = 0) — |my = —1) transitions of the four NV axes, respectively.
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FIG. 9. (a) The simulated ODMR spectrum of the spin source in
magnetic field By. (b) The simulated ODMR spectrum of the spin
sensor. (c) The experimental ODMR spectrum of the spin sensor
and the spin source. Part of the data (red lines) have been magnified
by 5 times. The red and black arrows point to the two microwave
frequencies applied in the experiment to manipulate the spin source
and the spin sensor, respectively.

4. The performance of the ensemble-NV-diamond
magnetometer

The spin sensor is an NV ensemble magnetometer with
continuous-wave(CW) method. The excitation laser and the
resonance microwave field were continuously applied on the
spin sensor, and the fluorescence was detected continuously.
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FIG. 10. (a) The specific region of the CW spectrum of the NV mag-
netometer. The red line is the linear fitting to obtain the max slope.
(b) Verification of magnetic sensitivity at 1337 Hz using a copper
coil. (c) Magnetic sensitivity of the NV ensemble magnetometer
with the frequency of 1 to 2 kHz. The vibration frequency of the
spin source fyi, = 1.337 kHz is also displayed.

The magnetometer output depended on the magnetic field
with a coefficient, 1, was determined by the max slope of the
CW spectrum, which was 148(3) mV/MHz as shown in Fig.
10(a). This corresponded to a coefficient ) of 4.1+0.1 V/mT.
The magnetic sensitivity of 2 nT/Hz'/2 from 1 to 2 kHz was
achieved, as shown in Fig. 10(c).

The sensitivity of the NV ensemble magnetometer at the
target frequency fyi, was also verified. A magnetic field
along the x-axis with frequency of 1337 Hz was applied
by a copper coil, and was measured to be 20.1 nT in x-
axis by a commercial flux gate (HSF113-2H6-AAA). With
the NV magnetometer, the magnetic field along the NV axis
(—mﬁ, 0, \/WE) was measured to be 16.7 nT, as shown
in Fig. 10(b). It corresponded to a 20.4 nT magnetic field in
the x-axis direction, which was in good agreement with the
result of the commercial flux gate. Thus, the magnetic sensi-
tivity of 2 nT/Hz!/2 at f,;, was verified.

Appendix B: Measurement of the polarized spin density

1. Modulation of the polarization of the spin source

The magnetic dipole-dipole interaction between the spin
sensor and the spin source was measured to obtain the mag-
netic polarized spin density ppo of the spin source before
searching for exotic SSVIDs. To measure the magnetic po-
larized spin density, we modulated the polarization of the spin
source by switching MW II on and off periodically. An ar-
bitrary waveform generator (AWG, Rigol DG812) generated
a Transistor Transistor Logic (TTL) sequence to control the
microwave switch through a PIN. By monitoring the intensi-
ties of fluorescence, we were able to determine the changes in
the polarization state of the spin source. The upper objective
collected the fluorescence from the spin source and filtered it

before sending it to a PD for detection. The TTL sequence and
the signal of PD were simultaneously recorded by an oscillo-
scope. The experimental result of the variation of fluorescence
intensity with a time duration of 200 ms is shown in Fig. 11.
The upper panel shows that the microwave was switched on
and off periodically with a 50% duty cycle at 14 Hz. When
the voltage of the TTL was set to a high level, the resonant mi-
crowave field was applied and the population of the |m = 0)
state was partially transferred to |m = +1) state, resulting in a
reduction of fluorescence intensity, as illustrated in the lower
panel. It indicates that the polarization changes quickly during
the switching process of the microwave. The spin source be-
comes magnetic polarized when the microwave was switched
on, and this effect vanished when the microwave was turned
off.
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FIG. 11. Variation of fluorescence intensity of the spin source with
the microwave switched on and off periodically.

2. Numerical simulation of the magnetic field due to the
magnetic dipole-dipole interaction

The magnetic dipole field can be expressed as,

UoYh 3(6y - 7)(62-7) — (62 - Ga)
8 r3

Bdipolc = (BD)
where L is the vacuum permeability, ¥ is the gyromagnetic
ratio, &, is the unit spin vector of a single electron spin in the
spin source, 7 is the unit displacement vector.

By integrating the volume of both the spin source and sen-
sor, we derive the magnetic field sensed by the spin sensor due
to the magnetic dipole-dipole interaction as,

HoYh 1 13(61-#)(62-7) — (6, 62)
By = 871 VIPPO] ,/VI av Ve dv 3
(B2)
where V;(Vy1) stands for the integration volume of the spin sen-
sor (spin source), Ppol is the polarized spin density of the spin
source.
The Monte Carlo method was utilized to numerically calcu-
late By, as same as in Ref. [23]. The algorithm of the Monte
Carlo integral is performed as follows:

(1) Nyc = 229 random pairs of points inside both the vol-
umes of the spin sensor and the spin source are gener-
ated.



(2) The magnetic field Bdlpole between a randomly gener-
ated pair of points is calculated using Eq. (B1).

(3) All the contributions to the magnetic fields are summed
and normalized to give the average magnetic field gen-
erated by the spin source and sensed by the spin sensor:

Nwvc

By = polVH Z Bd]pole (B3)

As discussed above, the polarization of the spin source is
modulated periodically with a 50% duty cycle and a frequency
of 14 Hz. Correspondingly, the magnetic field due to the
magnetic dipole-dipole interaction can be characterized as a
square wave with frequency fq = 14 Hz. The modulated mag-
netic field can be decomposed into a series of odd sinusoidal
harmonics:

Ba(t)=Y B\ sin2mnfar), (B4)
n=odd

the coefficient is derived as Bén) =2 [y sin(2zmnfyr)Bq(t)dt,
where T = 1/ fq is the period of the modulation. First, we per-
form numerical simulation to demonstrate the resulted mag-
netic field B4 on the senor due to the magnetic dipole-dipole
interaction. The total density of NV centers in the spin source
is 3.87x10%* m~3 (22 ppm). As an example, here we assume
that 10% of the NV centers are polarized in the spin source.
Only one of four symmetry axes of NV centers can be polar-
ized by the resonant microwave. The polarized spin density is
Ppot =3.87x 10 m™3 x 1 x 10% = 9.68 x 10> m~>. Figure
12 shows the simulated magnetic field due to the magnetic
dipole-dipole interaction, Bq. In the time domain, B4 varies
from O to 8.55 nT. In our experiment, we focus on the first-
order harmonic of the Fourier transformation spectrum Bg”,
whose amplitude is estimated to be 5.44 nT. If we obtained

Bél) from the lock-in amplifier, the polarization spin density
of the spin source can be obtained experimentally.
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FIG. 12. Numerical simulation of the magnetic field B3. With a
periodically switched microwave MW II, the spin source generates
a square-wave magnetic dipole field By on the spin sensor with 50%
duty cycle at a frequency fy = 14 Hz Here we take the polarized
spin density ppo1 = 9.68 x 1022 m=3 as an example to numerically
calculate the magnetic dipole field Byq. (a) Time-domain signal of
By. (b) Fourier transformation spectrum of By.

3. Experimentally measuring the magnetic field due to the
dipole-dipole interaction to determine the magnetic polarized
spin density

The detection scheme has been shown in Fig. 2 in the main
text. We extract the amplitude of the first-order harmonic

Bél) by demodulating the ensemble-NV-diamond magnetome-
ter with frequency fy using LIA2 in Fig. 5. The measured
results of B((jl) are shown in Fig. 13 with a time duration of
600 s. When MW II was on-resonance and switched on and

off periodically with a 50% duty cycle at a frequency of 14
Hz, Bé” was measured to be 6.41 £ 0.09 nT. We also carried
out a controlled experiment when MW II was off-resonance
and the spin source were not magnetic polarized. The exper-
imental value of ng in this case was 0.04 &= 0.08 nT. Given
the numerical simulation results from the previous text, the
polarized spin density of the spin source can be obtained as
Ppol = 1.14(2) x 10> m—3. Note that, during the measure-
ment of the polarized spin density, the spin source remained
stationary and the SSVDIs is zero.
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FIG. 13. Measurement results of Bél) under on-resonance and
off-resonance conditions. Red and blue lines are the experimental

(1)

magnetic fields By’ with the on and off resonance microwave, re-

spectively.

Appendix C: Search for SSVDIs

1. Numerical simulations of the effect of SSVDIs

In this section, we present numerical simulations of the ef-
fective magnetic fields generated by the SSVDIs. The effec-
tive magnetic fields can be expressed as,

h 1 1
=—fi—— (S -V)(6 7 5 PGS -V Ve A
Bg fGZEmeYC[(Gl V)(62-F) +(81-7)(62 V)]()“ﬂ‘rz)e
(ChH
Bis = fias—G61- (62 x ¥)(2)e ™"/ (C2)
4= 14275?’1 2 XV ré’

By integrating the volume of both the spin source and the
spin sensor, we calculated the exotic effective magnetic fields



sensed by the spin sensor as,

1 — .
Beﬁ"ﬁ = VPPOI/ dv dV/BG = Z B((;f?ﬁ SIH(ZTL'anibt)
I Vi Vit n=1 ’
(C3)

1 — .
Beft 14 = lepol/V dv | dV'Biy= Z Bgf)_,m sin(27n fivt )
I n=1

Vi
(C4)
where V;(Vjp) stands for the integration volume of the spin sen-
sor (spin source), Ppol = 1.14 x 102 m—3 is the experimental
magnetic polarized spin density of the spin source.
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FIG. 14. Numerical simulation of the exotic effective magnetic
field B 6. Assume fg = 0.1 and A = 1 mm. (a) Time-domain signal
of Befr . (b) Fourier transformation spectrum of Begt 6.

~ 100
® (12210

Beﬂ 14

=) n
= N

. Baraa (PT)

FFT (B 10) (PT)

N

0.0 05 10 20 25 30 1 4

15 2 3
Time (ms) Frequency (kHz)

FIG. 15. Numerical calculation of the exotic effective magnetic
field B 14 Assume fi4 = 10710 and A = 1 mm. (a) Time-domain
signal of Begr 14. (b) Fourier transformation spectrum of Begr 14.

The Monte Carlo integral method was utilized to numeri-
cally calculate Befrg and Begr,14, With the same algorithm of
the calculation of magnetic field due to the magnetic dipole-
dipole interaction (see Appendix B 2). We take fg = 0.1 and
A =1 mm as an example to present the field stength and the
waveform of Bt (see left subfigure in Fig. 14). As shown
in the right subfigure in Fig. 14, the field strength primar-

ily lies in the first-order harmonic component Bgf)ﬁ. We also

take fi4 = 1071 and A = 1 mm as an example to numerical
calculate Begr,14. The waveform of the exotic effective mag-
netic field Begr, 14 is demonstred in the left panel of Fig. 15. As
shown in the right panel of Fig. 15, the field strength primarily

. . (1)
lies in the first-order harmonic component Beff’1 4

For each distinct force range, the numerical calculations of
exotic interactions were performed independently. The proce-
dure is similar to that for the estimation of the magnetic field
resulting from the magnetic dipole-dipole interaction, but us-
ing the interaction forms described in Eq. C1 and Eq. C2.
Hence, the geometric factors have been considered in our nu-
merical simulations.
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2. Calibration of the phase of the demodulation reference
signal

To search for SSVDIs, the phase of the demodulation ref-
erence signal of LIA 2 was carefully calibrated with the same
method introduced in Ref.[23, 24]. The calibration procedure
was carried out before the experiment searching for exotic sig-
nals. A thin copper wire carrying a DC current was stuck to
the front section of the piezoelectric bender. The magnetic
field Beopper generated by the vibrating copper wire was in
phase with displacement and was orthogonal to velocity. Af-
ter the calibration, the phase of the demodulation reference
signal of LIA 2 was adjusted to be ¢ = —6.7° during the ex-
periment searching for SSVDIs. As aresult, the displacement-
dependent signal corresponds to the in-phase channel, and the
velocity-dependent signal Bg:g corresponds to the quadrature
channel of LIA 2.

Appendix D: Systematic errors

Effects from moving surface charges

We consider the effects due to the possible moving surface
charges of the spin source. First, an AC electric field E will be
generated and can couple to the spin sensor through the Stark
shift. However, this effect is in phase with the displacement
rather than the velocity and can be ignored. Next, we con-
sider the magnetic field generated by the moving charges. The
moving spin source with surface charges constitutes a current
that generates a magnetic field that is in phase with the ve-
locity. Following the discussion in [39], in the worst situation
where the surface charge density produces an electric field at
the threshold of inducing dielectric breakdown in the air, the
generated magnetic field is estimated to be B ~ 10 fT with
the parameters in our experiment. This field is much weaker
than the statistical error in our experiment, which is about 10
pT. Therefore, the effects of the moving surface charges are
expected to be negligible in our experiment.
Effects of the demagnetization factor of the spin source

We consider the effects of the demagnetization factor de-
termined by the geometry of the spin source. The spin source
in our work is a cylinder diamond with a radius of 52 um
and a height of 23 pum. It is enclosed in Diamond I with a
size of 660 x 661 x 574 um>. Hence, the geometry of the
diamond will be considered when analyzing the effect of the
demagnetization factor. For real magnetic fields, because of
the extremely small magnetic susceptibility of the diamond
(Xdiamond = —2 X 1073[40)), the shape effects on the magne-
tization can be considered insignificant. To confirm this, we
performed numerical simulations of the magnetic dipole field
introduced by the spin source on the spin sensor both with and
without taking the demagnetization factor into account. In the
former case, the magnetic susceptibility of the diamonds was
set to Xdiamond- 10 the latter case, the magnetic susceptibility
of the diamonds was set to 0, i.e., the same as the vacuum.



The simulated magnetic dipole signals B((il) obtained by the
spin sensor are 6.398 nT in both cases. Therefore, the correc-
tion due to the demagnetization factor should be less than 1
pT, which is well below the statistical error of Bél), and thus
can be considered negligible.

Uncertainty in 2R

The diameter of the spin source is 2R = 104(1) um, which
has been determined according to the fluorescence image with
a CCD. The correction to fg is £0.01 at A = 1 mm. The
correction to fi4 is £3 x 10712 at A = 1 mm.

Uncertainty in w

The width of the spin sensor is w = 37.8(7) wm, which has
been determined according to the fluorescence image. The
correction to fg is 0.001 at A = 1 mm. The correction to fi4
is+1x107*atA =1 mm.

Uncertainty in /

The thickness of the layer of the NV spin sensor h; is
estimated by comparing the thickness of the diamond mea-
sured before and after the growth of the NV layer. Before
the growth of the NV layer, the original thickness of the di-
amond substrate was 551(1) um. After the growth of the
NV layer, the thickness of the diamond was measured to be
574(1) pm. Thus the thickness of the NV layer of the spin
sensor is ; = 23(1) pm. The correction to f is £0.01 at A =
1 mm. The correction to fi4 is £1 x 10712 at A = 1 mm.
Uncertainty in /1,

The thickness of the NV layer of the spin source 5, is de-
termined by the same procedure as that of 4. The thickness
of the NV layer of the spin source is & = 23(1) pm. The cor-
rection to fg is £0.02 at A = 1 mm. The correction to fi4 is
+6x 1072 at A = 1 mm.

Uncertainty in A

The vibration amplitude of the spin source is A =
36.7(5) nm, measured by a commercial laser vibrometer
(Sunny Optical, LV-S01). The correction to fg is +0.01 at
A =1 mm. The correction to fi4is +2 x 1072 at A = 1 mm.
Uncertainty in d

The distance between the surfaces of the two diamonds is
d = 18.5(6) um, which has been measured by an optical mi-
croscope. The correction to fg is 0.01 at A = 1 mm. The
correction to fi4 is =1 x 1072 at A = 1 mm.

Uncertainty in ¢

The uncertainty in ¢ was measured to be 4.4°. The correc-
tion to fg is from £0.01 at A = 1 mm. The correction to fi4 is
from —2x 10712 to 1 x 1072 at A = 1 mm.

Deviation of the spin sensor and the spin source in the x-y
plane.

The deviation of the center of the spin sensor and the center
of the spin source was measured to be 46(1) pm in x-axis
direction and 90(2) pum in y-axis direction according to the
CCD images. For deviation in x, the correction to fg is from
-0.05 to 0.04 at A = 1 mm, and the correction to fi4 is +1 X
10~!2 at A = 1 mm. For deviation in y, the correction to f is
+1x 1073 at A = 1 mm and the correction to fiais £1 % 1013
at A =1 mm.
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Uncertainty in Coefficient 1]

The coefficient n of the magnetic field to the output of the
magnetometer is measured to be 4.1 +0.1 V/mT. The correc-
tion to fg is #0.01 at A = 1 mm. The correction to fi4 is
+3x 1072 atA =1 mm.

Uncertainty in Polarized density p;

The polarized density pp is obtained to be (1.1440.02) x
10> m~3. The correction to fg is +0.01 at A = 1 mm. The
correction to fi4 is +2 X 1072 at A = 1 mm.

Uncertainty in relative angle 0

The relative angle between the two diamonds 6 = 54.0(3)°
is measured according to the CCD image. The correction to
feis £0.01 at A = 1 mm. The correction to fi4 is £1 x 10712
at A =1 mm.
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