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Atom-like quantum systems in solids have been proposed as a compact alternative for atomic
clocks, but realizing the potential of solid-state technology will requires an architecture design which
overcomes traditional limitations such as magnetic and temperature-induced systematics. Here, we
propose a solution to this problem: a ‘solid-state spin clock’ that hybridizes a microwave resonator
with a magnetic-field-insensitive spin transition within the ground state of the diamond nitrogen-
vacancy center. Detailed numerical and analytical modeling of this ‘polariton-stabilized’ spin clock
(PSSC) indicates a potential fractional frequency instability below 1072 at 1 second measurement
time, assuming present-day experimental parameters. This stability would represent a significant
improvement over the state-of-the-art in miniaturized atomic vapor clocks.

I. INTRODUCTION

A longstanding goal in measurement science and tech-
nology is the miniaturization of precision oscillators
based on atomic states. Laboratory-scale clocks based
on atomic vapors can reach state-of-the-art fractional fre-
quency deviations reaching 1071° [T} 2], while scaled-down
commercial atomic vapor clocks achieve a fractional fre-
quency stability Av/v ~ 10719 at one second of mea-
surement time in a volume of order 10 cm?, represent-
ing orders-of-magnitude improvements in size, mass, and
power. Still further reduction may be possible by transi-
tioning to chip-integrated, atom-like solid-state systems
operating at room temperature.

To this end, recent work has investigated frequency
references based on the diamond nitrogen vacancy cen-
ter [3, 4], whose spin-1 electronic ground states (|m; =
+1,0)) have coherence times at exceeding milliseconds
at root temperature[dl [6], an my; = 0 — 1 zero-field
splitting near 2.87 GHz, near-unity optical polarization
under ambient conditions[7], and high-fidelity readout
by fluorescence [8, 9] or microwave absorption [10] [I1].
Moreover, the spin-1 system allows for magnetic-field-
insensitive coherence between the |[+) = | — 1) + |1) and
|0) levels, analogous to an atomic clock transition[I12] [13].
Hodges et al. previously proposed the use of this transi-
tion in an ensemble of ~ 108 NV centers to produce an
clock with shot-noise limited fractional frequency stabil-
ity of /v = 10712 at 1 second — if temperature could
be sufficiently stabilized. Indeed, converting the perfor-
mance of demonstrated NV magnetometers with sensi-
tivities ~ 10712 T Hz~ /2 [10, [4-16] to a fractional fre-
quency deviation based on the NV gyromagnetic ratio (28
GHz/T at 3 GHz) implies dv/v = 107 /v/Hz. Realis-
tically achieving this stability for long integration times,
however, would require temperature control at the uK
level or technically demanding differential-clock tracking

schemes [3] that have yet to be demonstrated. At a re-
alistic thermal instability at the mK level, the absolute
fractional frequency precision of an uncompensated NV-
diamond clock is near év/v ~ 10~7 and thus not com-
petitive.

Here we address this crucial problem by reducing the
oscillator temperature dependence in a hybrid timekeep-
ing device: a polaritonic system consisting of coupled
NV spins and microwave cavity photons that produces
an avoided crossing, removing the first-order thermal re-
sponse and enabling better-than-mHz stability for real-
istic spin-photon coupling strengths. Through analyt-
ical and numerical modeling of the polariton response
and spin-cavity input-output relations, we show that the
thermal and magnetic limits to fractional frequency sta-
bility can reach below 10~'2 with realistically achievable
stabilization. This potential improvement of over five or-
ders of magnitude could enable a new class of solid-state,
chip-integrated spin-based clocks with applications from
positioning, navigation, and timing to instrumentation
and telecommunications.

II. SCHEME

Figure 1 illustrates the proposed clock, consisting of
an ensemble of N diamond NV centers coupled to a
microwave cavity[I0, II]. Each color center n has two
magnetic resonance transitions wy, 4+ corresponding to its
ms = |0) to mg = |£) transitions within the NV ground
state spin triplet, with spin-cavity coupling rates g, +
and dephasing rates I';, +. The cavity resonance at fre-
quency w, has loss rate k and is probed continuously by a
microwave field at frequency w. The NV is continuously
optically polarized [I7], which we model as damping at a
rate of -y, + that keeps the NV ensemble close to the |0)
state. For a weak, continuous probe field 5, we use the
input-output formalism [I8] 9] to derive a closed-form
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FIG. 1. A polaritonic-stabilized spin clock. The reference
probe field at frequency w with intensity 7 is is split into a
local oscillator and probe. The latter is sent to the resonant
system, which consists of NV centers in diamond with pop-
ulation relaxation rate 7 coupled to a microwave cavity at
rate g. The cavity mirrors have effective loss rates v/k, and
the transmitted field is detected as the signal via homodyne
measurement.

expression for the transmitted field ¢4 [20], in which
K

= — 1
k+r +iA+C’ (1)

with A = w. — w, K; is the internal cavity loss rate, C

sums over all the spin transitions of all N NV centers:
In.j

Cnj +vni)/2 +iln ;"

C =
n,j==+

(2)

and Ay, j = wp j —w.

Homodyne detection is implemented by splitting the
initial microwave source with power I into two beams,
the probe and a reference, and then mixing the reference
with the cavity output as depicted in Figl[l] This scheme
allows for measurement of any quadrature of the cav-
ity output field depending on the phase shift applied to
the reference[2I]. Fig. 2 plots the the optimally-sensitive
phase quadrature Imlt] for the coupled spin-cavity sys-
tem under the realistic parameters summarized in Table
1. We assume equal dephasing rates for each spin sub-
level I';, + =T, equal optical polarization rates v, + = v
and equal coupling g, + = go, achieved via a properly-
polarized cavity mode along the crystalline [100] direc-
tion. Figure 2a assumes an external magnetic field ori-
ented along the [100] crystalline axis, producing a Zee-
man splitting of AL = 10 MHz between the mys = +1
states. The transmission shows a clear normal-mode
splitting as the cavity matches the spin resonance fre-
quencies wy and w_. These are the energies of the spin-
cavity polariton modes, which were experimentally ob-
served recently for an NV ensemble coupled to a dielec-
tric microresonator cavity [10].

The solid white contours in Fig. 2a closely follow the
eigenfrequencies of the cavity-spin polariton energies A;
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FIG. 2. Transmission spectra. (a) In the presence of a mod-
erate magnetic field, the NV transitions w; = +10 MHz are
split, resulting in three resonant polariton branches as the
NV-cavity detuning is swept. (b) At low fields, the NV tran-
sitions w; = 1 MHz are nearly degenerate and two polari-
ton branches are visible. (c¢) Temperature shifts the NV and
cavity in opposite directions, with a relative magnitude of
R = 0.3 shown here. The polariton branches have a vanishing
derivative with respect to temperature at a detuning D = 9.25
MHz, while maintaining a sharp change in phase with probe
frequency indicated by the black curve. (d) Magnetic-field
dependent spectra taken at the thermally-insensitive operat-
ing point. The zero-field spin-cavity detuning D = 9.25 MHz,
and w. = 2 MHz for direct comparison with (c) (black curve).
At zero field there is a vanishing change in polariton frequency
with magnetic field. All figures use k = 500 kHz, v = 3 MHz,
and g = 5 MHz. White corresponds to zero transmission.

in the limit of low atomic damping. The corresponding
eigenstates are the dressed states of a three-level spin
system coupled by a classical driving field, which shows
characteristic avoided crossings as the bare spin and cav-
ity are nearly resonant. These avoided crossings merge
into one as the magnetic field vanishes (see Fig. 2b). If
the probe oscillator frequency deviates from the polariton
resonance, the non-zero output phase is used as a feed-
back signal to correct the oscillator and provide long-term
stability. The modified cavity transmission spectrum due
to atom-cavity hybridization will allow cancellation of the
primary source of temperature dependence of the polari-
ton frequency to first order.

To illustrate the temperature insensitivity of the PSSC,
we model the thermal response of the NV and cavity at

room-temperature as linear with coefficients ‘fi‘*}“ =77
kHz/K[22,23] and % = R%a where R defines their ra-

tio. Fig. 2¢ depicts Im[t] for a room-temperature detun-
ing AT between -200 to 200 K for a typical ceramic mi-
crowave resonator characterized by R ~ 0.3. The trans-
mission shows a temperature-insensitive operating point
at an atomic-cavity detuning A,_. = 9.1 MHz where the



change in polariton frequency with temperature vanishes.
By locking w to this operating point, it is thus possible
to cancel the temperature dependence to first order.

This operating point retains the magnetic-field insensi-
tivity of the |[+) = | —1)+]1) and |0) transition. Fig. 2d,
depicts Im[t] as a function of magnetic field and shows
a vanishing change at an operating point of 0 G. This
first-order frequency stability against temperature and
magnetic field shifts is the key result underpinning the
polariton-stabilized spin clock. We next consider how
well this clock works under realistic assumptions of sta-
bilizing against environment fluctuations.

III. PERFORMANCE

The critical figure of merit is the change of polariton
frequency with temperature, dv/dT. We calculate this
value from the analytical model of the cavity-spin sys-
tem (see supplemental information), which in the limit
of small spin Zeeman shift (w; = ws), gives a simplified
solution for the polariton energies

(we + wa)

V4 = B)

+ \/(wc —wa)?/4+ (93 +4g%). (3)

Assuming equal coupling coefficients g4 = g_ = g, the
polariton thermal dependence is

2% _ dw,  dw, (dd“éﬁ - é“:;f)(wc — W)

ar ~ A0 AT T o — w2 1857

This yields a large reduction in dvy /dT in the regime
where the coupling is greater than the thermal shift, as
shown in Figure 3a. For large temperature shifts, the
polariton thermal dependence approaches that of the un-
coupled spin or cavity system. The thermal dependence
dv/dT approaches zero, however, at a particular spin-
cavity detuning A, . = DL as long as the thermal coef-
ficients are opposite in sign, R < 0:

(4)

1
VIR= g

Near this operating point, the polariton resonance fre-
quency v4+ has only second-order dependence on temper-

ature, resulting in a linear dquﬂ D X %. Figures 3b
and 3c show the change in polariton frequency for a given
temperature shift relative to the operating point, Av, for
various assumptions of the relative thermal responses R
and coupling rates g. In Fig. 3b, we take R = 1 and
sweep g from 0 to 5 MHz. A insensitive operating point
can be see as dv/dT' = 0 Dy = w. = w, for all val-
ues of g with the described quadratic energy dependence
(linear derivative). Figure 3¢ shows the thermal response
about the operating point D for varying R with a fixed
g = 1 MHz. Finally, Fig. 3d shows the limits of frequency

Dy =+V2g : (5)

accuracy as a function of coupling for different thermal
and magnetic instabilities. A limit in the range of mHz is
could be achievable for magnetic instability on the order
of nT and thermal instability on the order of mK.
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FIG. 3. Thermal stability. (a) Thermal response of the po-
lariton resonance frequency assuming R = 1. Colored lines
correspond to an increase in coupling strength from g = 0
to g = 5 MHz. Zero relative frequency corresponds to the
NV zero-field splitting. (b) Polariton resonance frequencies
as a function of temperature about the zero-response oper-
ating point. Lines indicate changes in coupling g = 0.5 to
5 MHz. (c) Polariton resonance frequencies as a function of
temperature about the zero-response operating point, with R
varying from 0.1 to 1. (d) Polariton frequency error resulting
from thermal and magnetic instabilities. Dashed lines: tem-
perature instability descending logarithmically from 100 to 1
mK. Solid lines; magnetic field instability descending loga-
rithmically from 100 to 1 nT.

A key figure of merit for clocks is the achievable frac-
tional frequency deviation, év/v. In addition to the oscil-
lator stability, the fractional frequency deviation is also
affected by the achievable measurement signal-to-noise
ratio in a given measurement time. The signal measured
in the polariton clock is the transmitted microwave field
quadrature detected via homodyne readout, the noise for
which is set by fundamental quantum processes. We per-
form a full noise analysis of the homodyne detection using
input-output theory, which is detailed in the supplemen-
tal information. In the limit of low excitation and far
detuned NVs, the precision of a frequency measurement
achieved after an integration time 7 is approximately

v = (ﬁ> 1+ (6)

in which [ is the power of the microwave source in pho-
tons per second, « is the cavity linewidth, and £ = k;/k is
the ratio of the internal loss rate of the cavity to its out-
put rate. Finite detuning of the NVs, D < T, increases
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FIG. 4. Fractional frequency resolution of the polaritonic
clock. The top bound is given by the current parameter set
in Table 1, and the lower bound by the outlook parameters.
Dashed lines indicate the thermal-stability floors.

the error by a factor of order unity [20]. Improved per-
formance is achieved by increasing the probe power and
decreasing the cavity loss rate, but these parameters are
limited by the assumption of low excitation of the NV
centers given by

VEVn,i (g + Tnj)

B <
4gn,;t|

) Vn7j’ (7)

in which |¢| is of order unity. This limit is reached
at around 32 ~ 10%° photons/sec for experimental pa-
rameters [I0]. Given the resulting measurement SNR,
the polariton resonance can be determined to a frac-
tional precision dv/v after a measurement time 7 of
Zsamey < 107 T Hz /2,

Environmental fluctuations, however, will limit the
minimum achievable frequency deviation at long integra-
tion times. Figure 4a shows the minimum frequency devi-
ation given several realistic levels of environmental insta-
bility as a function of spin-cavity coupling. Combining
these processes, Figure 4 plots the predicted fractional
frequency deviation as a function of time, indicating that
with an achievable temperature stability of 1 mK, the po-
laritonic clock reaches the thermal stability limit below
the 10~ level after a few hundred seconds of averaging.

The optical spin polarization produced under off-
resonant laser pumping has several implications for clock
performance. Using a simple rate equation model, the
steady-state spin polarization (defined as the fraction
of total population in the |0) state) is given by P =
% where 79 = %1 is the spin relaxation rate in the
absence of the cavity microwave drive (Rabi frequency
ga) and optical polarization (rate «). Following equa-
tion 7, the requirement of low spin excitation P ~ 0
results in a tradeoff between the intracavity microwave
field power 8 and optical polarization rate . This in turn
results in a tradeoff between power consumption (domi-
nated by the laser pump) and measurement SNR. Cur-

rent NV sensors use laser powers on the order of watts to
achieve 32 ~ 102" photons/sec. An increase in the single
spin-cavity coupling g;, for example via a reduced cav-
ity mode volume, would allow for improved measurement
SNR with fixed power budget.

Second, fluctuations in laser power can change the
net spin polarization, resulting in a change in coupling
g and thus polariton frequency. In steady-state, the
change in spin polarization with optical polarization rate
is dP/dy = 525z NV ensembles have lifetimes in
the 10 millisecond range under ambient conditions[24],
compared to the microsecond optical pumping rates that
can be achieved without line broadening, resulting in a
fractional change in coupling with optical power fluctua-
tions dg/g ~ 10~8d~y/v. Fractional stability on the order
of 1 ppm, which can be achieved via active feedback [25]
is therefore required to reach thermal limits.

Several additional elements can influence clock stabil-
ity. Magnetic fields can cause a resonance shift, although
they are suppressed to first order due to the spin-1 na-
ture of the NV. The frequency shift for a given magnetic
field is shown in Figure 2d, showing this first-order can-
cellation, and as a function of coupling strength in Figure
3d. To reach the thermal limits described above, mag-
netic fluctuations should be reduced below 10 nT. This
likely necessitates the use of passive shielding as in other
compact atomic clocks. The diamond and cavity must be
in thermal equilibrium for the polaritonic compensation
to function, which requires slow thermal shifts. Aging
of the microwave cavity could also result in a change in
spin-cavity detuning and a polariton shift from the de-
sired operating point. This could be detected by prob-
ing both polariton branches v and tracking their rel-
ative frequency, followed by a re-calibration if required.
Changes in strain, including vibrations, could potentially
affect clock performance, although the high frequency of
the clock (far above mechanical resonances), and high
Young’s modulus of diamond suppresses these effects.
Higher-order dependencies of the NV and microwave cav-
ity with temperature could play a role as the first-order
effects are eliminated, and non-Gaussian ensemble inho-
mogeneity could result in a complex, potentially time-
varying resonance lineshape. These effects will be im-
portant considerations in the experimental realization of
the PSSC, and will bound the achievable long-term ac-
curacy.

The achievable shot-noise-limited SNR in this analy-
sis is bounded by the assumption of low excitation of the
spin population. Beyond this regime, however, pulsed op-
eration of the clock becomes possible as coherent manip-
ulation faster than dephasing or cavity loss is achievable.
The use of dynamical decoupling sequences could allow
for a reduction in NV linewidths towards the kHz regime,
comparable to Cs clocks. Further advanced schemes
based on two probe fields e.g. a coherent population
trapping clock|26] would also be possible in this limit,
as well as schemes involving collective non-classical be-
havior such as ensemble squeezing[27H29]. The continued



TABLE 1. Sample parameters for the polaritonic clock.

Parameter Symbol Current Outlook
Cavity output rate (kHz) K 2200 27 -50
NV dephasing rate (MHz) r 2w -3 2w -1
Cavity-NV coupling (MHz) g 2m -1 27 -5
Temperature sensitivity ratio R -0.1 -0.05
Single cavity-NV coupling (Hz) go 0.1 0.3
Number of NV centers N 25-10" 4-10"
Input MW power (photons/sec) I 1-10*® 1.10%
Temperature Stability (mK) AT 10 1

improvement in coupling strengths or decrease in cavity
loss rates will yield a net improvement in performance,
but will require a control scheme more advanced than the
CW approach.

The concept of polaritonic stabilization is extensible
to a variety of solid-state systems. Emitters in sili-
con carbide have also shown room-temperature optical
spin polarization [30} [B1], potentially with lower intrin-
sic thermal dependence than the NV center [32], and
would extend the PSSC production to the wafer scale.
Other types of bosonic modes, such as mechanical res-
onators [33], could take the place of the microwave cav-
ity as similar spin-boson coupling rates have been ob-
served in spin-mechanical systems. Finally, exotic ma-
terials such as coherent magnons [34] might enable the
construction of similar coupled systems with engineered
thermal and magnetic response.

In conclusion, we introduced the working principle of
a solid-state polaritonic microwave-spin clock. The ther-
mal shifts of both the cavity and spin system are sup-
pressed via controlled coupling, resulting in a stability
improvement of five orders of magnitude for achievable
thermal noise conditions while maintaining magnetic in-
sensitivity. Combined with the large SNR of bulk NV
sensors, this results in fractional frequency deviations
that exceed current chip-scale atomic clocks and mechan-
ical oscillators. Dispensing of the need for precision op-
tical elements, combined with ambient operation, indi-
cates that the PSSC platform has a path for significant
advantages in size, weight and power. Following work on
CMOS integration and miniaturization of the diamond
platform[35], polaritonic quantum clocks promise to en-
able a range of new applications requiring atomic-like
timekeeping in a solid-state device.
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