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A rotation sensor is one of the key elements of inertial navigation systems and compliments most cell
phone sensor sets used for various applications. Currently, inexpensive and efficient solutions are
mechanoelectronic devices, which nevertheless lack long-term stability. Realization of rotation sensors
based on spins of fundamental particles may become a drift-free alternative to such devices. Here, we carry
out a proof-of-concept experiment, demonstrating rotation measurements on a rotating setup utilizing
nuclear spins of an ensemble of nitrogen vacancy centers as a sensing element with no stationary reference.
The measurement is verified by a commercially available microelectromechanical system gyroscope.
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With the increasing interest in unmanned and autono-
mous vehicles, inertial navigation becomes of pivotal
importance for steering in areas lacking global navigation
system signals, for example, inside buildings or tunnels and
under water or ground [1-3]. The records for precision and
bias stability of industrially available gyroscopes are tradi-
tionally held by ring-laser gyroscopes and fiber-optic
gyroscopes, the ideas of which were developed by the
end of the 20th century [4-8]. Based on the Sagnac effect,
their precision is proportional to the surface enclosed by the
optical light path [9,10]. While there has been great
progress in miniaturization of this type of device [11],
fundamental limits, related to the size and sensitivity of the
device, are still hard to overcome. On the other hand, much
less precise microelectromechanical system (MEMS) gyro-
scopes are widely used for mass production in consumer
electronics. While the bias stability of these devices is often
not sufficient for robust long-term inertial navigation, these
devices have excellent power consumption characteristics,
chip-scale dimensions and low prices [12]. Despite enor-
mous progress in improving the bias stability and precision
of these devices, there is still a considerable gap between
compact and precise devices. As an attempt to bridge the
gap, redesigning laser-based gyroscopes by trying to use
chip-scale high quality factor cavities [11,13] is currently at
the stage of implementing prototypes capable of measuring
the earth rotation rate. Another competing approach
allowing combination of compact in size sensor and close
to a state-of-the-art precision is the development of hyper-
polarized noble gas nuclear spin gyroscopes [14—18]. Thus,
it seem natural to consider solid-state spin systems as well.
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The nitrogen vacancy (NV) center in diamond possesses
optically detectable electron spin, with a long coherence
time at room temperature and means for optical polariza-
tion of the spin state. The NV center was already used in
nuclear magnetic resonance spectroscopy with chemical
resolution [19,20] and as a sensor of magnetic [21-23] and
electric [24] fields as well as temperature [25].

In 2012, it was proposed [26-28] to use an NV center
ensemble as a solid-state nuclear spin gyroscope. Later in
[29,30], quantum sensing of a rapid rotation (200 000 rpm)
with a single NV electron spin was demonstrated. The
potential for utilization of the nuclear spin was demon-
strated recently [31,32]. However, the realization of a
rotating sensor utilizing a nuclear spin ensemble in dia-
mond remains a challenging task. In this Letter, we report
the first proof-of-principle direct gyroscopic measurement
of a sub-Hz rotation using double quantum Ramsey
spectroscopy [33] of a hyperpolarized '“N nuclear spin
I =1 ensemble in the solid state. Though the initial ideas
were based on geometric Berry phase detection, here, we
utilize dynamic phase acquisition as a result of a pseudo-
magnetic field induced by rotation [34].

AIINV centers in diamond contain nitrogen nuclear spin,
which in natural abundance is 99.6% '*N with spin 1. Since
nitrogen is part of the NV color center, it has a
well-determined interaction with the NV electron spin
[Fig. 1(a)]. Therefore, compared to the more developed
nuclear spin of carbon-13, which is often believed to have
better coherence and storage properties [35], the nuclear
spin embedded into NV center nitrogen is suitable for
ensemble measurements. Namely, using known techniques,
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Scheme of the experiment. (a) NV center in diamond associated with the nuclear spin of '4N. It is addressed with laser light,

MW, and rf control. The fluorescence of the NV center is collected using a photodiode. (b) The whole experimental setup with ensemble
of NV centers inside a diamond plate is positioned on a rotation turntable to perform measurement of a calibrated rotation at various
speeds. Crystallographic axis (111), bias magnetic field (B) and MEMS sensitivity axis (Zygms) are all aligned along rotation axis. NV
centers of only (111) orientation are utilized in the measurement. (c) ODMR spectrum of the NV center ensemble with initialized
nuclear spin. The nuclear spin is initialized before each frequency is measured. (d) Readout of the Ramsey nuclear spin. S1 and S2 are
fluorescence signals normalized by laser intensity integrated during the first and second stage of nuclear readout [see panel (e)]. Signals
are offset by 100%. Orange is the optimized referenced readout S1/S2, and blue is a simple S1 readout with only a single 7 pulse and a
single laser pulse. (e) Measurement sequence for a gyroscopic measurement. Each measurement consists of an initialization step and
nuclear spin free evolution in a scheme of double quantum interference. The free evolution is started by application a z pulse on the

frequency f1.

one can polarize and readout nitrogen spin via the electron
spin of an NV center spin [36]. The electron spin structure
of the NV center ground state can be seen as a V-type
scheme [see Fig. 1(a)] with the mg = 0 subdomain as the
lower state and mg = —1 and mg = 1 as the upper states.
Nevertheless, each of these states has hyperfine splitting
due to the interaction with the nitrogen nuclear spin, which
can be described by the following Hamiltonian:

H=n(S?+7v.,S,B, +SAI+ QI> +y,B.I.) (1)
where D and Q are the zero-field splittings of the electron
and nuclear spins, y, and y,, are the gyromagnetic ratios of
the electron and nuclear spin, S and [ are spin operators for
the spin 1 system, and A is the hyperfine tensor. Due to the
different hyperfine splittings in electron spin subdomains,
microwave (MW) transitions allow flipping of electron spin
selectively on the nuclear spin state [36]. Similarly, radio
frequency (rf) transitions can selectively flip nuclear spin.
However, at small magnetic fields of ~10 Gauss, the
transition frequencies in mg =0 between m; =0 and

= +1 are not resolved within the natural width of
the transition and can be addressed with a single frequency
pulse at fT = |Q|/2x ~ 5 MHz. Additionally, for mg = 1

and mg = —1, transitions from m; =0 to m; =1 and
m; = —1, respectively, have similar frequencies of approx-
imately f1 = (|Q| + |A|)/2z~7.2 MHz and can be
addressed with a single frequency pulse. We use this to
perform effective control of the system using only two
radio frequencies.

Our gyroscopic measurement consists of three main
elements: nuclear spin polarization (lasts for 657 us), free
precession (1944 us), and nuclear spin readout (193 us).
The polarization of the nuclear ensemble into the m; =0
spin state is performed using a recursive transfer of
population [36-38] as depicted in Figs. 1(a) and 1(c).
First, the populations of |mg=0,m; = £1) states are
transferred to |mg = +1,m; = +1) states using spectrally
narrow MW 7z pulses. Next, spectrally broad rf z pulse
(28 ps) transfers both nuclear populations simultaneously
to the m; = 0 sublevel of the |mg=1) and |mg = —1)
states. Finally, a green laser pulse polarizes electonic spin
so that the NV center is known to mostly populate the
|mg = 0,m; = 0) state. This procedure is repeated four
times to achieve the maximum population in the m; = 0
state of 77 &+ 1%. Populations were defined from optically
detected magnetic resonance (ODMR) spectrum [see
Fig. 1(e)], fitted by three Lorentz contours. Amplitude of

197702-2



PHYSICAL REVIEW LETTERS 126, 197702 (2021)

each contour is directly proportional to the corresponding
nuclear state population. Polarization efficiency is believed
to be limited by decay of the nuclear polarization caused by
an optical pumping pulse, required to prepare electron state
mg = 0. The underlying mechanism of this decay is
believed to be electron-nuclear hyperfine interaction in
excited state [37-39].

The rotation of the setup around the main quantization
axis of the NV center ensemble ((111) axis of the diamond)
is analogous to the introduction of a pseudomagnetic field
[34], where the nuclear spin behavior is described by the
Hamiltonian:

Hy = h(QI? +7,B.1, + Q). )

To acquire a rotation signal, we monitor the free precession
of the '*N nuclear spin ensemble in the electron spin mg =
0 subdomain of the NV center ground state [Fig. 1(e)]. Free
precession of the nuclear spin after initialization is started
with a broadband radio frequency z pulse (19 us) of
frequency fI =|Q|/2x [Fig. 2(a)l, which brings the
nuclear spin into the “bright” superposition state
|b)=(|1)+|=1))/v/2. During the free evolution under
the Hamiltonian H,, this state acquires a phase
¢ =2(y,B. +Q)r due to the energy splitting between
the m; =+1 sublevels. The state after the free
evolution can be expressed as (¢/?[1) 4+ e~| — 1))/V/2 =
(cos ¢|b) + ising|d))/V/2, where |d)=(|1)—|—-1))/V2
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FIG. 2. Rotation signal. (a) DQ Ramsey transition scheme for
mg = 0. (b) Enlarged Ramsey fringe at working point of the
gyroscope. Working points for alternating Ramsey protocol
are marked as NEG on the native slope and POS on the positive
slope. (c) DQ Ramsey spectroscopy of “N nuclear spin. The
oscillation matches the nuclear Zeeman splitting, 75 = 2.37 ms.

denotes the “dark” state. The last z pulse converts the bright
state back to |0), while the dark state remains unchanged.

To perform readout of thus prepared state laser pulse
repolarizes electron spin into state |mg = 0) and at the same
time destroys phase of the |d) state. To measure |m; = 0)
component its population is moved into |mg = 1) state
using selective 7 pulse at frequency f}V. Then laser pulse
is applied to read fluorescence (signal S1) and to repolarize
electron spin back to |mg=0). To measure sum of
|m; = +1) states it is swapped with |m; = 0) using =
pulse of frequency fI and then readout of |m; = 0) is
repeated (signal S2). The S1 and S2 signals are linear
functions of the |») and |d) state and their ratio reveals full
population difference between |b) and |d) states [see
Fig. 1(d)].

The experimental double quantum Ramsey precession of
4N is shown in Figs. 2(b) and 2(c). It is fitted with a
decaying sinusoidal curve with 75 = 2.37 ms. By fixing a
working point at 7 =2 ms, we recalculate the rotation
signal from the measured fluorescence [Fig. 2(b)] and
magnetic field:

1
Q=— (s

= a(t,, n tn) - Sn) - ynABz' (3)

P

Here AB, is the change in externally applied magnetic
field, a = 0.5(Spax — Smin) 18 the amplitude of Ramsey
fringes at the selected interrogation time, S, and §,, denotes
the signals taken at negative and positive slope of the
Ramsey fringe around the working points 7, and 7,. Both
slopes are used to remove the uncertainties due to the low
frequency noise related to the initialization fidelity of the
nuclear spin and the fidelity of the z pulses (see the
Supplemental Material [40], Sec. IV and Table II).

Due to the laser irradiation and electrical current in nearby
antennas, the diamond sample unavoidably heats up.
Temperature shifts affect both electron [41] and nuclear
hyperfine terms in the Hamiltonian as in [42-44]. In
addition, the position of the ODMR resonances is also
sensitive to stray external magnetic fields, which may change
over time. Thus, the sensor requires compensation of these
temperature- and magnetic field-induced shifts. To realize
this, the temperature and magnetic field were measured in
interleaved mode using the same NV ensemble similar to
[32]. In our case, we implemented continuous wave (CW)
ODMR measurement with digital frequency modulation to
measure both magnetic transitions [40]. Sweeping micro-
wave offset frequency provided ODMR derivative curve
[Fig. 3(a)]. Linear central part of the curve gives calibration
data to deduce actual frequencies MV, AW corresponding
to transitions |mg = 0,m; =0) < |mg = £1,m; =0).
Magnetic field amplitude B, can be calculated from
Zeeman splitting between |mg = +1) using the formula
B, = (AW — fMW)/2y,. To estimate comagnetometer
sensitivity we run continuous magnetic field measure-
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FIG. 3. Comagnetometer and cothermometer performance.

(a) ESR dispersion contour when scanning the mg = —1 and
mg = 1 electron spin transitions. (b) Amplitude spectral density
(ASD) of a free running comagnetometer at zero rotation rate.

ment and plot Fourier spectrum of obtained B, signal
[see Fig. 3(b)]. The sensitivity of such a realized comagne-
tometer has a noise floor of 10 nT/+/Hz, which corresponds

to a rotation measurement noise floor of 11 deg/s/v/Hz
[40]. The magnetic field and temperature measurements
were performed between two sequential gyroscopic mea-
surements, and their results were used as feedback to subtract
the corresponding systematic noise in the rotation sensor
[40]. Having at hand information about both ESR transitions,
we also realized a cothermometer and compensated for the
temperature-related shifts [40].

Demonstration of a proof-of-principle gyroscope sensor
is a challenging task since the whole experimental setup
should be rotated. Vibrational mechanical noise could
reduce the optical signal-to-noise ratio, thus causing
degradation of the performance of the sensor. To avoid
difficulties with rotational electrical and optical joints,
we employed full rotation of the optical setup and all
devices in use. To this end, we assembled an experimental
setup that can autonomously operate on a rotation stage
[see Fig. 1(b)]. It is equipped with a battery power supply,
wireless communication protocols, field programmable
gate arrays a control board, a laptop, and all MW, rf,
and optical equipment required for operation [40].

To calibrate our sensor, a series of continuous rotations
with various rotation speeds in both directions were
performed [see Figs. 4(a) and 4(b)]. We obtained a series
of measurements from the comagnetometer, cothermom-
eter, gyroscope, and calibration MEMS gyroscope, which
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FIG. 4. Calibration measurement on a rotation stage. (a) Sensing of rotation parameters on the rotation table. Data of a
comagnetometer and a cothermometer in various rotation regimes. “Electron” curve corresponds to CW-ODMR comagnetometer
data. “Nuclear” curve is magnetic field change, deduced from nuclear Ramsey beating frequency change. (b) Sample MEMS gyro and
rotation signal from the NV gyro. The black solid curve is the sampling value of a commercial MEMS gyroscope, and the blue solid line
is the N'V gyro sensor output. Shaded areas represent the averaging times for rotation measurements (see [40] for details) with numbers
in the bottom corresponding to averaged MEMS rate (deg /s). (c) ASD of noise of the sensor output estimated in the last part of the
measurement run, where the rotation speed was zero. The red curve is the estimation of the ASD based on the photon shot noise of the
detected fluorescence. The black dashed curve is the noise floor of the NV-based sensor. (d) NV gyroscope signal output at various
rotation rates of the moving stage. The error bars were taken from Allan deviation minimum for NV gyroscope signal within averaging
segment. We note a linear character of the rotation signal dependence as a MEMS rotation signal output with a slope of 1.09(5).
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are depicted in Figs. 4(a) and 4(b). As clearly seen, the
results of the calibration MEMS gyroscope clearly correlate
with the outputs of our NV-based gyroscope sensor. The
obtained rotation signal is linearly proportional to the real
rotation speed, as depicted in Fig. 4(d). The scaling factor
estimated from the experiment is 1.09(5). The noise floor of
our NV gyroscope was measured to be 52 deg /s/v/Hz
[see Fig. 4(c)], which was estimated as the noise floor of the
power spectral density of the time trace of the gyro output.

To further improve the sensitivity of the gyro prototype
several improvements to setup could be implemented. On
the technical side current realization fluorescence detection
scheme was not optimized and could be improved to reach
shot noise performance [45]. Second, the efficiency of
photoconversion could be improved with the help of total
internal reflection light guiding [46]. Additionally, polari-
zation and readout of nuclear spins could be improved via
optimization of laser wavelength[47], or excited state level
anticrossing technique [43,48]. Also, the material proper-
ties should be optimized towards better 7, times of the
nuclear ensemble limited with electron spin 7'{. These
factors could lead to the total improvement in sensitivity by
factor of 800 (see [40] for details). To improve the long-
term performance of the sensor, an important step would be
to include both passive and active temperature and mag-
netic field stabilization. The latter should have sensitivity of
at least 60 pT/+/Hz to achieve the 800-fold improvement
mentioned above. Finally, schemes that implement coher-
ent magnetic field feedback [49] or utilize double species
nuclear ensembles such as in [15] would result in ultimate
robustness of the device against magnetic field fluctuations.

We showed a direct signal of rotation measured with a
realized nuclear spin gyroscope based on an ensemble of
NV centers in diamond. By simultaneously measuring the
magnetic field and temperature, we subtracted the system-
atic shifts from the rotation signal and obtained a linear
calibration curve of the rotation signal. This results together
with a previous demonstration of long-term stability on a
nonrotating device [32] proves the possibility of measuring
rotation using nuclear spins of an ensemble of NV centers
in diamond and paves the way for low drift compact solid-
state gyroscopes.
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