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Frequency references based on solid-state spins promise simplicity, compactness, robustness, multifunc-
tionality, ease of integration, and high densities of emitters. Nitrogen-vacancy (NV) centers in diamond
are a natural candidate, but the electronic zero-field splitting (D ≈ 2.87 GHz) exhibits a large fractional
temperature dependence (around 25 ppb/mK), which has precluded its use as a stable clock transition.
Here we show that this limitation can be overcome by forming a composite frequency reference that com-
bines measurements of the electronic splitting D with the nuclear quadrupole splitting (Q ≈ 4.94 MHz)
of the 14N nuclear spin intrinsic to the NV center. We further benchmark this composite approach against
alternative strategies for mitigating temperature sensitivity, including cryogenic operation, temperature
compensation, and active stabilization. By implementing a specially designed pulse sequence with an
eight-phase control scheme that suppresses pulse imperfections, we interleave measurements of D and Q in
a high-density NV ensemble and demonstrate a temperature-compensated composite frequency reference.
The stability of this composite diamond clock is characterized over a 10-day period at room temperature
through a comparison to a Rb vapor-cell clock, yielding a fractional instability below 5 × 10−9 for an
averaging time of τ = 200 s and below 1 × 10−8 at τ = 2 × 105 s, corresponding to measured improve-
ments by a factor of approximately 4 and approximately 200, respectively, over a clock based purely on
the single frequency D for the same periods. By characterizing the residual sensitivity to magnetic fields,
optical power, and radio-frequency drive amplitudes, we find that temperature is no longer the dominant
source of instability. These results establish complementary electron- and nuclear-spin transitions in dia-
mond as a viable route to thermally robust frequency metrology, providing a pathway toward compact,
multifunctional solid-state clocks and quantum sensors.

DOI: 10.1103/z2sl-6gcc

I. INTRODUCTION

Precise frequency standards underpin modern tech-
nologies ranging from navigation and telecommunica-
tions to tests of fundamental physics. State-of-the-art
microwave atomic clocks achieve fractional frequency
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stabilities better than 10−12 at 1 s [1,2], with vapor-cell
[3,4], rare earth [5], and ion-trap technologies [6] forming
the backbone of current field-deployable timing infrastruc-
ture. While essentially all modern atomic clocks rely on
atoms in free space that are confined using traps or vapor
cells, solid-state frequency references offer an alternative
approach that does away with the requirements of trapping
the atoms that serve as the frequency reference, thereby
promising robustness and easier fabrication and integration
with modern electronics. Solid-state frequency references
also present the tantalizing prospect of much higher den-
sities of emitters, with an Avogadro number (1023) of
emitters conceivably held in kilogram-scale crystals [7].
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However, the development of solid-state frequency refer-
ences has been limited by strong coupling of the energy
levels of the emitters to the crystal lattice, resulting in
significant sensitivity to temperature fluctuations [8].

Among solid-state systems, the negatively charged
nitrogen-vacancy (NV) center in diamond has emerged
as a particularly versatile candidate. Its electronic ground
state features a spin triplet with a zero-field splitting of
D ≈ 2.87 GHz, which can in principle serve as a local
frequency reference and was first proposed for this pur-
pose in Ref. [9]. At the same time, NV centers sup-
port high-sensitivity measurements of magnetic fields [10,
11], electric fields [12], temperature [13,14], and rotation
[15,16]. However, a central challenge for any solid-state
clock—and for NV-based implementations in particu-
lar—is strong coupling to the lattice. For the NV center,
this manifests as a large fractional temperature dependence
of D (around 25 ppb/mK at 297 K), a feature exploited
in NV-center-based thermometry but one that presents a
formidable challenge for clock applications.

Here we propose and demonstrate an alternative solu-
tion: a composite NV-center-based clock formed by inter-
leaving measurements of the electronic zero-field splitting
D and the nuclear electric quadrupole parameter Q ≈
−4.94 MHz of the 14N nuclear spin intrinsic to the NV cen-
ter. Prior studies [17,18] have shown that both splittings
exhibit temperature dependences with similar functional
forms but different coefficients, suggesting that temper-
ature sensitivity can be mitigated by probing multiple
transitions [19].

To facilitate measurements of Q, we apply a bias field
of B ≈ 475 G aligned to the axis of the NV center, which
enables direct optical polarization and readout of the 14N
nuclear spin state [20]. We also develop and implement a
two-tone zero-field splitting (TTZFS) pulse sequence for
measuring D and Q at nonzero magnetic fields with phase
cycling to suppress the impact of pulse errors due to radio-
frequency (rf) gradients.

In this work, we experimentally demonstrate that com-
bining D and Q measurements for an ensemble of NV cen-
ters reduces the long-term temperature-induced drift of the
NV-based clock by approximately an order of magnitude at
integration times of 1000 s at room temperature. The Allan
deviation minimizes near 200 s before slowly increas-
ing at longer times. We further analyze the sensitivity of
this hybrid frequency reference to experimental parameters
including laser power, rf drive amplitude, and magnetic
field alignment, and identify the dominant contributions
to residual instability. Finally, we compare the composite-
clock strategy to conventional approaches for mitigating
temperature sensitivity, including operation at cryogenic
temperatures, correction using external thermometry, and
active temperature stabilization.

Although NV-based clocks do not yet match the
absolute stability of state-of-the-art secondary frequency

standards, our results show that their most severe
limitation—temperature sensitivity—can be suppressed.
Additionally, NV centers combine solid-state robust-
ness, chip-scale integration, and compatibility with mag-
netic, electric, thermal, and inertial sensing, enabling
devices where size, environmental resilience, and mul-
tifunctionality take precedence over ultimate precision.
By demonstrating first-order temperature compensation
through hybrid electronic-nuclear spin transitions, we out-
line a practical route toward thermally stable, compact dia-
mond clocks that can be cointegrated with other quantum
sensors.

II. PRINCIPLE OF THE COMPOSITE
SOLID-STATE CLOCK

The Hamiltonian describing the dynamics of the elec-
tronic ground state of the NV center and the intrinsic 14N
nuclear spin is

H = DS2
z + QI 2

z + γeBz Sz − γNBzIz

+ A||SzIz + A⊥
2
(S+I− + S−I+) . (1)

Here γe and γN are the NV electronic and nitrogen nuclear
gyromagnetic ratios, respectively; Bz is the projection of
the magnetic field on the NV axis (we assume that there
is no transverse field); D is the zero-field splitting; Q is
the nuclear quadrupole parameter; A|| and A⊥ are the lon-
gitudinal and transverse hyperfine constants, respectively;
and S and I are the electronic and nuclear spin operators,
respectively. When considering an ensemble of NV cen-
ters, we only consider the family of NV centers whose axis
is aligned to the magnetic field.

The energy levels and transitions of the ground-
electronic-state of the 14NV center are shown in Fig. 1(a).
Also shown are the 14N nuclear spin sublevels and transi-
tions within the ms = 0 manifold.

Implementing a temperature-compensated frequency
reference involves measuring changes in the detunings of
D and Q with respect to signal generators that are refer-
enced to a common local oscillator. The detunings are then
used to determine the correction that must be applied to the
local oscillator to compensate for its own instability while
canceling temperature-induced drifts in D and Q. To first
order in the temperature sensitivity of D and Q, and assum-
ing all other systematic shifts are negligible, the measured
detunings will be given by

δD = D
δψ

ψ
+ dD

dT
δT, (2)

δQ = Q
δψ

ψ
+ dQ

dT
δT. (3)

Here δD and δQ are the measured frequency shifts, or
detunings, of the respective transitions from the applied
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(a) (b)

FIG. 1. Composite clock operating principle. (a) The NV ground state energy level diagram at 475 G. The zero-field splitting
parameter D is measured via the electron-spin microwave (MW) transitions f+ and f−. The nuclear electric quadrupole parameter
Q is measured via the nuclear-spin rf transitions f1 and f2 within the nuclear sublevels of the ms = 0 state. (b) Conceptual block
diagram for constructing a composite clock based on D and Q. Drifts in the local oscillator can be tracked and corrected by monitoring
1
2 (δf+ + δf−) ≈ δD and 1

2 (δf1 + δf2) ≈ −δQ, and combining them (δψ/ψ) in such a way as to be insensitive to thermal fluctuations,
while correcting for fluctuations of the local oscillator. The dimensionless quantity α is a constant whose value is determined by the
relative fractional temperature sensitivities of D and Q, and is defined in Eq. (5). The physics package is depicted in Fig. 5.

drive frequencies; ψ is the frequency of the local oscil-
lator used as a reference for the signal generators; and
δψ/ψ is the fractional deviation of the local oscil-
lator from its nominal value due to its own internal
instability.

Normally, the terms containing δψ/ψ would be negative
to reflect that increasing the drive frequency and increasing
the transition frequency have opposite effects on detuning,
but here we have absorbed the minus sign into δψ to sim-
plify the notation. This changes the definition of δψ from
“the deviation of ψ” to “the shift that should be applied to
ψ to correct for said deviation.”

In these equations, the parameters D, Q, dD/dT, and
dQ/dT are treated as constants whose values at 297 K are
listed in Table I. Critically, D and Q both have nonzero
but different fractional sensitivities to changes in the tem-
perature of the diamond, meaning that it is possible to
create a linear combination of the two measured detun-
ings that is insensitive to first-order fluctuations in tem-
perature but remains sensitive to the drift of the local
oscillator,

δψ

ψ
= 1

λ−1
Q − λ−1

D

(
δQ
Q
λ−1

Q − δD
D
λ−1

D

)
, (4)

where λD and λQ are the fractional temperature depen-
dences of D and Q at 297 K, whose values are listed
in Table I. From this equation we see that δψ/ψ is
obtained by taking the difference between δQ and δD
after a conversion to temperature units and then nor-
malizing the result using the constant 1/(λ−1

Q − λ−1
D ) ≈

−10 ppb/mK.

This expression for δψ/ψ can also be written as a linear
combination of fractional detunings, as follows:

δψ

ψ
= δQ

Q

(
λD

λD − λQ

)
+ δD

D

( −λQ

λD − λQ

)
,

= δQ
Q
α + δD

D
(1 − α) , (5)

where the terms in brackets sum to one and define the
quantity α = λD

λD−λQ
≈ 1.4, which is determined only by

the ratio of the fractional temperature dependences of D
and Q.

Considering the cases in general, if the fractional tem-
perature dependences of D and Q had opposite signs, then
we would find that 0 < α < 1, with α = 0.5 when they are
equal and opposite. If they had identical fractional temper-
ature dependences, α would approach infinity, indicating
that δT cannot be decoupled from δψ and explaining why it
is not possible to make a temperature-insensitive frequency
reference by measuring only D or Q. Lastly, if the magni-
tude of the fractional temperature dependence ratio were
very large, then α would be approximately 0 or 1, and one

TABLE I. Temperature dependence of parameters. Values
(obtained from Ref. [18]) are listed for the frequency, temper-
ature dependence, and fractional temperature dependence for D
and Q at 297 K.

Frequency
Temperature
dependence

Fractional
temperature
dependence

X dX
dT

∣∣
T=297 K λX := 1

X
dX
dT

∣∣
T=297 K

D 2870.3 MHz −72 kHz/K −25.3 ppb/mK
Q −4945.9 kHz 35 Hz/K −7.17 ppb/mK
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parameter would serve primarily as a thermometer and the
other as the clock signal.

Similarly, there exists a linear combination of δD and
δQ that measures δT and is insensitive to δψ ,

δT = 1
λD − λQ

(
δD
D

− δQ
Q

)
, (6)

which allows for stable temperature measurements in the
absence of a stable frequency reference. Thus, our cur-
rent setup can be thought of as a dual sensor: a frequency
reference and a temperature sensor.

In the present work, we propose and realize a frequency
reference based on sensitive measurements of half-sum
combinations of transition frequencies: 1

2 (f+ + f−) ≈ D
and 1

2 (f1 + f2) ≈ −Q [see Fig 1(a)]. While D and Q are
only approximated by these combinations of transition
frequencies, corrections to these terms due to transverse
hyperfine coupling are described in Appendix A. Through-
out the rest of the manuscript, we refer to these half-
sum frequencies as “measurements of D and Q,” while
acknowledging and accounting for the small but finite
corrections to both.

A conceptual block diagram of the feedback scheme for
stabilizing the local oscillator is depicted in Fig 1(b). By

continuously monitoring the half-sum combination of fre-
quency detunings, 1

2 (δf+ + δf−) ≈ δD and 1
2 (δf1 + δf2) ≈

−δQ, the shifts can be combined in such a way as to cancel
any thermal drift, yet maintain sensitivity to the drift of the
local oscillator.

III. RESULTS

The TTZFS pulse sequence used to measure the oscilla-
tor frequency D (or Q) is illustrated in Fig. 2(a). The devel-
oped pulse sequence is based on the previously proposed
one-tone pulse sequence near zero magnetic field, when
resonances are nearly degenerate and can be addressed
by a single tone [9,22]. In the conditions of the experi-
ment (Bz = 475 G), the 14N nuclei are efficiently polarized
to the ms = 0, mI = +1 sublevel during optical pump-
ing, and direct optical readout of the nuclear spin state
is possible [20]. The TTZFS pulse sequence is applied
to two different three-level systems. When applied to the
|ms, mI 〉: |+1, +1〉; |0, +1〉; |−1, +1〉 three-level system, it
uses transition frequencies f+ and f− and measures D, and
when applied to the |0, +1〉; |0, 0〉; |0, −1〉 three-level sys-
tem, it uses transition frequencies f1 and f2 and measures
Q. We use |±1〉 and |0〉 to refer to the three levels in either
system. In both cases, the system is optically polarized to

(a)

(b)

(c) (d)

0.06

0.10

FIG. 2. Diamond-based frequency reference measurement protocol. (a) The two-tone zero-field splitting-8 (TTZFS-8) pulse
sequence. For both D and Q, measurements are performed by optically polarizing the spin (into |ms = 0〉 for D [21], |mI = +1〉
for Q [20]). For measuring Q, the polarized nuclear spin is transferred to |mI = 0〉 using an f1 π pulse with duration of π/	SQ, where
	SQ is the single-quantum Rabi frequency. After being prepared in |0〉 (|ms = 0, mI = +1〉 for D, |ms = 0, mI = 0〉 for Q), the half-
sum frequency splitting, 1

2 (f+ + f−) ≈ D or 1
2 (f1 + f2) ≈ Q, is measured using the two-tone π/2-2π -π/2 pulse sequence (durations

of π/2	DQ, 2π/	DQ, π/2	DQ, where 	DQ = √
2	SQ is the double-quantum Rabi frequency), followed by optical readout. (b) The

required phases for each of the six pulses in the π/2-2π -π/2 pulse scheme to cancel out unwanted signals arising from pulse imper-
fections due to rf gradients. (c) Amplitude spectrum obtained by performing the pulse sequence on the nuclear spin (Q) and scanning
τ and performing a fast Fourier transform. The implementation of phase control using eight sequences (lower) suppresses several
unwanted frequencies present in a single measurement (upper). The single-phase plot has been scaled by a factor of eight to keep the
amplitude of the desired frequency component fixed. The first few microseconds of the time-domain data are shown in the insets. (d)
Time domain plots of TTZFS-8 measurements of Q, D showing undersampled (aliased) oscillations decaying due to decoherence with
experimental data (markers) and fits (line).
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|0〉, directly for D, and after polarization into |+1〉 and a
subsequence f1 π pulse for Q.

The initial two-tone π/2 pulse with frequencies f+ and
f− (f1 and f2 for Q) moves the population from its initial
polarization in |0〉 into a superposition of all three states,
leaving half of the population in |0〉 and the other half split
between |±1〉 (a superposition sometimes referred to as
the “bright” state). During the first free-evolution period of
duration τ/2, the states |±1〉 each acquire a phase (in the
rotating frame) relative to |0〉 of θ± = 2πδf±(τ/2), where
δf± denotes the detuning (δf1,2 for Q). The two-tone 2π
pulse swaps the population and phases of the |±1〉 states
(θ± → θ∓) while leaving |0〉 unchanged (it flips the phase
of the “dark” state). After the second τ/2 delay, which con-
tributes an additional phase of θ±, the total accumulated
phase relative to |0〉 is θ = θ± + θ∓ = 2πτ

(
δf++δf−

2

)
for

both |+1〉 and |−1〉. The final π/2 pulse projects the single
relative phase shift θ into a population difference accord-
ing to sin θ |0〉 + cos θ(|+1〉 + |−1〉)/√2 [9]. As a result,
the pulse sequence measures changes in 1

2 (f+ + f−) while
being insensitive to changes in f+ − f−. The value of θ can
be measured using optical readout, which takes advantage
of the spin-dependent fluorescence rates, for both the NV
center [21] and the 14N nuclear spin [20]. Details on the
experimental setup are described in Appendix B.

When the TTZFS pulse sequence is applied to an NV
ensemble, we observe the appearance of unwanted fre-
quency components due to pulse imperfections arising
from rf gradients across the volume of interrogated NV
centers. These unwanted frequency components can be
efficiently suppressed by applying an eight-step phase-
cycling scheme, combining eight measurements taken with
different pulse-phase configurations (denoted as TTZFS-
8), as shown in Fig. 2(b).

We characterize the suppression of these signals
for measurements of Q by scanning τ with a suffi-
ciently small step size (50 ps), while translating in
time the pulse envelopes and phases (not just their
envelopes). Performing Fourier analysis on these mea-
surements using the TTZFS-8 pulse sequence results in
spectra shown in Fig. 2(c). By considering the eight
measurements individually (top) or combined (bottom),
the suppression of the unwanted frequency components
relative to the desired peak at 1

2 (f1 + f2) ≈ −Q can
be determined (approximately 60 dB). A theoretical
description of the phase-cycling scheme is explained in
Appendix C.

When the total free-evolution time τ is scanned—
typically using a larger step size than that used for Fourier
analysis—we observe oscillations (analogous to Ramsey
fringes) that exponentially decay as shown in Fig. 2(d).
The experimentally measured data are fit to the function
S(τ ) = S0 + S1 exp[−(τ/T2)

p ] cos(2π f τ + φ), where p
is the stretch factor, to obtain values T2,D = 1.68 ± 0.01 µs

FIG. 3. Stability of single-transition and composite clocks
based on D and Q. Measurements of fluctuations in units of
temperature of D, Q, and their difference over a 10-day period
(top) and their corresponding Allan deviations in fractional units
(bottom). The composite clock signal δψ/ψ based on D and
Q exhibits better stability than either δD/D or δQ/Q after 200
s, achieving at least 1–2 orders of magnitude suppression of
temperature fluctuations.

for D and T2,Q = 0.881 ± 0.009 ms for Q. These values are
used to determine optimal values for τ .

Measurements of frequency shifts δD and δQ are per-
formed by choosing fixed values of τD and τQ that
optimize sensitivity and converting changes in fluores-
cence into frequency shifts (see Appendix D for details).
By interleaving TTZFS-8 measurements of δD and δQ,
we obtain measurements of δψ . Figure 3 (top) shows
the temperature fluctuations measured by δD and δQ,
λ−1

D (δD/D), and λ−1
Q (δQ/Q), plotted over a 10-day period.

The values closely track one another, and their difference(
λ−1

Q − λ−1
D

)
(δψ/ψ) is proportional to the clock signal

[see Eq. (4)]. The signals have corresponding Allan devi-
ations in fractional units, shown in Fig. 3 (bottom). A
10-MHz rubidium frequency standard (Standford Research
Systems FS725) is used to stabilize the rf and microwave
(MW) synthesizers, so our measured instability of ψ
should be indicative of the instability of the frequency ref-
erence based on D and Q, i.e., the performance of our
clock.

For values of τ < 100 s, the fractional instabilities of D,
Q, and ψ scale as σ(τ) ∼ τ−1/2, according to the uncer-
tainties of individual measurements, which are largely
limited by photon shot noise (PSN). To optimize the PSN
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TABLE II. Sources of instability. For five different parameters that contribute to instability (temperature, longitudinal magnetic field,
transverse magnetic field, rf power, and laser power), estimates are given for their instability over a period of 200 s. By scanning each
parameter while measuring D and Q, estimates for the sensitivity of D, Q, and ψ to each parameter are obtained. For each parameter,
instability and sensitivity are multiplied to obtain values for the clock instability in fractional units, for D, Q, and their temperature-
insensitive combination ψ . An rf power of 0 dB corresponds to single-quantum Rabi frequencies of 3.5 MHz for f+ and f− and 12 kHz
for f1 and f2.

Parameter X Parameter instability over 200 s δX Sensitivity Clock instability
(value) (measurement technique) f

∣∣∣ 1
f

f

X

∣∣∣
∣∣∣ 1

f

(

f

X δX

)∣∣∣
D 25 ± 1 ppb/mK 250 × 10−9

Temperature T 10 mK Q 7.2 ± 1 ppb/mK 72 × 10−9

(294 K) (TTZFS-8) ψ < 0.5 ppb/mK < 5 × 10−9

D 1.6 ± 6 ppb/mG 0.08 × 10−9

Longitudinal field Bz 50 µG Q 0.6 ± 2 ppb/mG 0.03 × 10−9

(475 G) (Double quantum 4-Ramsey [15]) ψ 1.2 ± 4 ppb/mG 0.06 × 10−9

D 0.4 ± 2 ppb/mG 0.2 × 10−9

Transverse field Bx 0.5 mG Q 0.6 ± 2 ppb/mG 0.3 × 10−9

(0 G) (f1 Rabi-oscillation amplitude) ψ 0.7 ± 2 ppb/mG 0.4 × 10−9

D 0.4 ± 2 ppm/dB 0.4 × 10−9

rf power 0.001 dB Q 1.4 ± 3 ppm/dB 1.4 × 10−9

(0 dB) (f+ and f1 Rabi-oscillation frequencies) ψ 2.0 ± 5 ppm/dB 2.0 × 10−9

D 110 ± 50 ppb/mW 2.2 × 10−9

Laser power 20 µW Q 22 ± 7 ppb/mW 0.44 × 10−9

(50 mW) (photocurrent) ψ 22 ± 10 ppb/mW 0.44 × 10−9

contribution to the instability of δψ/ψ , we optimized the
sensitivity of Q at the expense of D (lower optical intensity,
longer optical pumping) such that the PSN of D and Q con-
tribute equally to the PSN of δψ/ψ , according to Eq. (E2)
(see Appendix E for details).

At longer times, D and Q exhibit behavior consistent
with frequency drift σ(τ) ∼ τ . This is explained by tem-
perature drift, which is common to both D and Q up
to a multiplicative constant. The combined signal δψ/ψ
exhibits better stability than either δD/D or δQ/Q for
τ > 200 s, see Fig. 3 (bottom).

Table II shows the impact on clock instability of five rel-
evant parameters: temperature, longitudinal and transverse
magnetic fields, rf power, and laser power. To estimate
each parameter’s instability, each parameter was indepen-
dently measured over time (using techniques indicated in
Table II), and an Allan deviation of each measurement
(not of the clock signal) was obtained on the timescale
of 200 s. To determine Bx, we scanned the transverse-
coil current and fit the current at which the f1 Rabi-
oscillation amplitude was maximized (see Ref. [20] for
the underlying mechanism). Because the measured vari-
ation in Bx was smaller than the experimental uncertainty,
we instead report an upper bound of 50 µG, set by that
uncertainty.

The listed sensitivity for each parameter is determined
by applying a small change to the parameter and measuring

the respective shifts δD, δQ, and δψ using the TTZFS-
8 pulse sequence. If the measured phase shift does not
exhibit linear dependence (e.g., quadratic dependence for
Bx), then an upper bound is used over a range consis-
tent with the parameter’s instability. Clock instabilities are
evaluated by multiplying the instability (δX ) and sensitiv-
ity [(1/f )(
f /
X )].

From the measurements of systematics shown in
Table II, the largest source of clock instability for δD/D
or δQ/Q is temperature, being 2 orders of magnitude larger
than all other sources. By linearly combining the frequency
shifts δD or δQ, the instability can be reduced such that
one of the other systematics becomes the limiting factor.
The measurements suggest that the limiting factor would
be fluctuations in rf power, which would ultimately limit
the clock instability to 2.0×10−9. Although the mecha-
nism responsible for this shift is not fully understood, we
suspect that it is likely due to the combination of a distri-
bution of Rabi frequencies throughout the sensing volume
and imperfect pulse durations. In particular, it is likely the
case that there is a residual population in |mI = +1〉 after
the initial π pulse in the pulse sequence used to measure
Q. If this is the case, we would expect improvements to be
achieved by creating a more uniform application of rf (f1,
f2, f+, and f−), as well as optimizing the pulse sequence
(e.g., adiabatic pulses) to be more robust against changes
in the Rabi frequency.
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A. Temperature-controlled measurements of D

To better understand how temperature limits the stability
of D and to explore alternative mitigation strategies, mea-
surements of D were also performed at low field (around
10 G) in a thermally controlled environment (cryostat) with
a low-density sample, see Appendix B 1. Measurements
of D were performed as previously described, but with-
out interleaving measurements of Q (see Fig. 2). At low
field, the nuclear state remains unpolarized, giving rise to
three hyperfine transitions for both f+ and f−, correspond-
ing to the three nuclear sublevels. The frequencies of the
microwave pulses were tuned to the mI = 0 (central) com-
ponents for both f+ and f−. The pulses had durations of 70
ns (π/2) and 280 ns (2π ), and had bandwidths compara-
ble to the hyperfine splitting, resulting in nonideal pulse
durations for the mI = ±1 transitions.

Three different thermal mitigation strategies were tested
and characterized: temperature compensation, operation
at cryogenic temperatures, and active temperature sta-
bilization. Figure 4(a) shows the frequency shifts δD
(black) together with the cryostat temperature measured
at the cold finger (blue), as well as their corresponding
temperature-compensated signal δDcomp = δD − λDD δT
(yellow). Figure 4(b) shows the frequency shifts δD after
cooling the system with liquid nitrogen, while Fig. 4(c)
shows frequency shifts δD acquired with the temperature

(a)

(b)

(c) (d)

FIG. 4. Mitigation of temperature-induced fluctuations in D.
Time-domain frequency shifts of D measured (a) at room tem-
perature without active temperature stabilization, showing the
raw signal (black), the cryostat temperature measured at the cold
finger (blue), and the temperature-compensated signal (yellow);
(b) at liquid-nitrogen (LN2) temperature without temperature
stabilization; and (c) at room temperature with active stabiliza-
tion to 300 K. (d) Corresponding fractional Allan deviations
for the uncompensated (black), temperature-compensated (yel-
low), uncompensated at liquid-nitrogen temperature (pink), and
temperature-stabilized (green) measurements.

actively stabilized to 300 K. The corresponding Allan
deviations in fractional units are shown in Fig. 4(d) for
uncompensated (black), temperature-compensated (yel-
low), liquid-nitrogen (pink), and temperature-stabilized
(green) measurements.

We find that all three strategies yield significant
improvements in stability, with active stabilization show-
ing the most improvement. The difference in perfor-
mance between compensation and stabilization could be
explained by a changing temperature difference between
the diamond and temperature sensor of the cryostat. At
liquid-nitrogen temperatures, the temperature sensitivity of
D is reduced by roughly a factor of 15 [(dD/dT)|T=77 K ≈
−5 kHz/K]. The comparable frequency stability observed
at both room and cryogenic temperatures suggests that
temperature fluctuations are no longer the dominant source
of instability at timescales from around 102 to 103 s. How-
ever, comparing these data sets with the measured stability
of the composite clock (Fig. 3), we find that the com-
posite clock has superior long-term stability, suggesting
that the reproducibility of the temperature-compensated
and temperature-stabilized measurements of D may still be
limited by temperature fluctuations, possibly due to time-
varying temperature gradients between the sample and the
thermometer. This highlights the benefits of using the NV
centers themselves to compensate for changes in the tem-
perature of the diamond sample, rather than an external
probe, even at cryogenic temperatures.

IV. DISCUSSION

In this work, we have demonstrated the feasibility of
a secondary frequency reference based on a combination
of nuclear and electronic transitions of NV centers in dia-
mond, with fractional instability down to a few times 10−9

over an averaging time of 200 s. While this represents a
significant enhancement and brings this platform near the
stage where such devices might be considered for practical
applications, it is still roughly 2 orders of magnitude shy of
the spin-projection-noise limit. To make further progress,
it is essential to understand the factors that currently limit
the performance of the device.

An important contribution to the instability is photon
shot noise (see Appendix E), which could be reduced by
enhancing photon collection efficiency [23], readout con-
trast, number of photons [24], and the coherence times T2,D
and T2,Q by using more advanced pulse sequences [25].
As photon shot noise is improved and stability surpasses
approximately 10−9, microwave phase noise of the local
oscillator sampled by the measurement cycle (the Dick
effect) is expected to begin to limit performance, and steps
should be taken to mitigate it [26,27].

Another current limitation to clock stability comes from
drifts in environmental conditions other than temperature,
such as the magnetic field as well as the applied rf and
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laser powers (see Table II). Any parameter that produces a
quadratic shift in the phase of the TTZFS-8 measurement
(Bx, By) can be stabilized through modulation and feed-
back. Using a similar approach, parameters that produce
quadratic shifts in the amplitude of the TTZFS-8 measure-
ment (rf power, laser power) may also be stabilized.

The measurement pulse sequence can be made less sen-
sitive to changes in the Rabi frequency through the imple-
mentation of adiabatic pulses [28,29]. Further reduction of
sensitivity to environmental sources of instability can, in
principle, be achieved by compensating for higher-order
effects of temperature variation, especially over longer
timescales and when the temperature is allowed to drift by
> 100 mK. While first-order temperature cancellation was
sufficient in the present work, the same framework can be
straightforwardly extended to cancel higher-order temper-
ature dependences by incorporating additional terms in the
composite reference (see Appendix F). Another approach
could be to use a third transition to additionally measure
the thermal drift of the longitudinal hyperfine parame-
ter A||, which has a fractional temperature dependence of
−91 ppb/mK [18], which may prove to be important if
more systematics require cancellation (e.g., longitudinal
strain).

In order to use these results to output a clock sig-
nal, we envision a system in which a voltage-controlled
quartz oscillator tuned to 10 MHz is used to stabilize the
frequency synthesizers for the microwave and rf transi-
tions. Instability in the clock signal produces correspond-
ing deviations in the measured values of D and Q, whose
shifts are optically registered with a photodetector. The
photodetector voltage signals are processed with a field-
programmable gate array (FPGA), which outputs a cor-
responding corrective frequency shift δψ to the quartz
oscillator, completing the feedback loop [see Fig. 1(b)].
The expression for δψ in terms of voltage signals is

δψ = ψ

(
α

2πQτQ
tan−1 VQ

y

VQ
x

+ 1 − α

2πDτD
tan−1 VD

y

VD
x

)
, (7)

where VD
x and VD

y (VQ
x and VQ

y ) are the in-phase and quadra-
ture photodetector voltage signals obtained from TTZFS-8
measurements of D (Q), respectively, and τD (τQ) is the
total free-evolution time between rf pulses, as shown in
Fig 2(a). See Appendix D for further details.

A full characterization of systematic shifts to D and
Q will be required in order to determine, and improve,
the achievable absolute accuracy of a diamond composite
clock. For example, future work is needed to characterize
and mitigate the effects of the inhomogeneous profile of
the laser beam, strain, charge distribution, and other poten-
tial sample-to-sample variations. If the current sources
of instability can be improved, it may become advanta-
geous to pursue the composite clock scheme in conjunction

with active temperature stabilization to further suppress
the effects of temperature. It will also be important to fur-
ther evaluate the day-to-day, week-to-week, and month-to-
month reproducibility of the composite clock. Other prac-
tical developments should include miniaturization down to
the chip-scale level and design of multifunctional sensors.

To place the performance of the present device in
context, we compare its fractional frequency stability to
that of established frequency references. The temperature-
compensated NV-based clock demonstrated here achieves
a fractional Allan deviation of approximately 4 × 10−8 at 1
s and 2 × 10−8 at 105 s. These values are higher than those
of conventional atomic frequency standards. Chip-scale
atomic clocks based on alkali vapor cells typically achieve
fractional stabilities on the order of 10−10 at 1 s, improving
to 10−11–10−12 at longer integration times [3]. Laboratory-
scale microwave atomic clocks, including vapor cells and
atomic fountains, can reach or surpass 10−12 at 1 s and
continue to average down to below 10−14 [1]. In contrast,
quartz crystal oscillators span a wide range of performance
depending on their level of stabilization. Temperature-
compensated crystal oscillators typically exhibit fractional
stabilities of 10−7–10−8 at 1 s, while oven-controlled crys-
tal oscillators can achieve 10−9–10−10 at 1 s and approach
10−10–10−11 at longer timescales [30].

We anticipate that performance competitive with other
compact solid-state frequency references, such as oven-
compensated crystal oscillators, may be achievable with
additional work. Because the diamond clock frequency is
ultimately tied to intrinsic spin transitions of an atom-like
crystalline defect, rather than to a macroscopic mechanical
resonance, it offers the prospect of long-term reproducibil-
ity governed by material parameters rather than device
geometry.

V. CONCLUSION

The combination of the electronic and nuclear spin tran-
sitions of the NV center provides a powerful route toward
robust solid-state frequency references. By jointly moni-
toring the zero-field splitting D and nuclear quadrupole
parameter Q, we have realized a hybrid signal ψ that
is first-order insensitive to temperature fluctuations. This
approach reduces thermally induced frequency drift by
more than an order of magnitude, establishing an opera-
tional regime where the dominant noise sources arise from
technical parameters rather than fundamental temperature
coupling.

Our results demonstrate that solid-state spin ensembles
can support multiparameter stabilization strategies analo-
gous to those proposed for composite atomic clocks [19].
The coexistence of electron- and nuclear-spin degrees of
freedom within the same defect enables both frequency
and temperature metrology in a single platform, opening
the door to self-correcting quantum sensors and integrated
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timekeeping architectures. With continued optimization of
control-field homogeneity and pulse protocols, such sys-
tems may ultimately achieve stabilities competitive with
those of compact secondary standards while providing
exceptional robustness, ease of integration, and multifunc-
tionality.
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APPENDIX A: APPROXIMATIONS OF D AND Q

The relation of the nuclear quadrupole parameter Q
and the frequencies f1 and f2 is given, to first order in
(D ± γeB)−1, as follows (see, for example, Ref. [18]):

f1 ≈ |Q| + γNB − A2
⊥

D − γeB
, (A1)

f2 ≈ |Q| − γNB − A2
⊥

D + γeB
, (A2)

f1 + f2
2

≈ |Q| − A2
⊥D

D2 − γ 2
e B2 . (A3)

Note that the half-sum of the two frequencies is close to
|Q| with a correction term that is small (around 0.1%) far
away from the ground-state level anticrossing.

The polarized nuclear spin results in a single hyperfine
component in each of the ms = 0 → ms = ±1 microwave

transitions, f±. The half-sum of these two frequencies is
close to D with a correction term that is similar to that of
Q in Eq. (A3),

f (mI =+1)
+ + f (mI =+1)

−
2

≈ D + A2
⊥
( 3

2 D + 1
2γeB

)
D2 − γ 2

e B2 . (A4)

However, D is 3 orders of magnitude larger, making it a
part-per-million correction for D, in contrast with the part-
per-thousand correction for Q.

To account for these corrections, the fractional temper-
ature derivatives λD and λQ can be updated to refer to
values of the fractional temperature derivatives of their
corresponding half-sum frequency combinations.

APPENDIX B: EXPERIMENTAL SETUP

The sample used to obtain the main results in this work
was a [110]-cut diamond plate fabricated from isotopically
enriched 12C diamond ([12C] ≈ 99.99%). The NV con-
centration was approximately 4 ppm, and the ensemble
exhibited a coherence time of T2 ≈ 0.8 µs.

A schematic of the experimental setup is depicted in
Fig. 5. Optically detected magnetic resonance (ODMR)
measurements were performed using a custom-built epiflu-
orescence microscopy setup. Linearly polarized light pro-
duced with a 532-nm laser (Coherent Verdi V6) was used
to excite the NV centers. Laser pulses were generated from
the continuous-wave beam using an acousto-optic modu-
lator. The excitation and collection optics consisted of a

FIG. 5. Schematic of the experimental setup. A balanced pho-
todetector measures changes in fluorescence relative to incident
green light (532 nm), using a neutral density (ND) filter to bal-
ance the green light with the fluorescence signal. The Halbach
array produces a magnetic field of approximately 475 G that is
aligned to one of the NV orientations and perpendicular to the
incident light. The rf and MW signals are delivered to the ensem-
ble of NV centers with a copper wire of diameter 160 µm placed
near the optical focus.
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0.79 numerical aperture aspheric condenser lens (Thorlabs
ACL25416U-A). An approximately 50-µm spot on the
diamond was illuminated with approximately 30 mW of
green light. Red fluorescence was separated from the exci-
tation light using a dichroic mirror (Thorlabs DMLP567L),
passed through a 650- to 800-nm bandpass filter, and
detected on one of the channels of a balanced photodetec-
tor (Thorlabs PDB210A) with photocurrents on the order
of about 0.1 mA. This balanced detection scheme reduced
the impact of laser intensity fluctuations by measuring
relative changes in the fluorescence (red) and excitation
(green) channels.

A magnetic field of 475 G was applied along the NV
axis using a Halbach array composed of temperature-
compensated SmCo magnets. Fine trimming of the mag-
netic field was achieved using three orthogonal pairs of
coils in a Helmholtz-like configuration placed within the
Halbach array. The assembly was surrounded by two lay-
ers of mu-metal shielding to suppress external magnetic
noise.

Microwave pulses with frequencies f+ ≈ 4.2161 GHz
and f− ≈ 1.5250 GHz were synthesized using two chan-
nels of a vector signal generator (Rohde & Schwarz
SMW200A), amplified (f+, Mini-Circuits ZHL-50W-63+;
f−, Mini-Circuits ZHL-30W-252-S+), and then com-
bined using a diplexer (Mini-Circuits ZDSS-3G4G-S+).
Microwave signals were also individually gated using rf
switches (Mini-Circuits ZASWA-2-50DR) before ampli-
fication to further suppress the residual signal between
pulses.

Two-tone rf pulses at f1 ≈ 5.0892 MHz and f2 ≈
4.7964 MHz were produced with an arbitrary waveform
generator (Keysight 33512B), amplified (Mini-Circuits
LZY-22+), and combined with the microwave signal using
a diplexer (Marki Microwave DPX-0R5). The combined
signals were delivered to the NV ensemble through a 160-
µm-diameter copper wire placed on the diamond surface
near the optical focus. Both the microwave and rf synthe-
sizers were frequency stabilized to a 10-MHz Rb frequency
standard (Stanford Research Systems FS725).

The (double-quantum) TTZFS-8 pulse durations used
in the D and Q measurements (π/2-2π -π/2) were 50-
200-50 ns and 15-60-15 µs, respectively, corresponding
to (single-quantum) Rabi frequencies of 3.5 MHz for f+
and f− and 12 kHz for f1 and f2. The pulse sequence was
generated and distributed using a transistor-transistor logic
pulse card (SpinCore PBESR-PRO-500), and all fluores-
cence signals were digitized using a data acquisition card
(National Instruments USB-6361).

1. Temperature-controlled setup

A second experimental configuration was used to obtain
the data presented in Fig. 4. In this setup, the focus was

on measurements of the zero-field splitting D under con-
ditions of improved thermal stability. Compared with the
primary setup, the use of a D-only measurement protocol
allowed us to shorten the optical pumping and readout
durations and thus reduce the total cycle time, since exper-
imental conditions could be optimized specifically for the
electronic transition rather than accommodating both D
and Q.

The sample used in this setup was a [111]-cut natu-
ral abundance diamond plate, with an NV density of 50
ppb and a coherence time of T2 ≈ 1.8 µs. It was mounted
inside a continuous-flow microscopy cryostat (Janis ST-
500) to provide both thermal insulation and active temper-
ature control. The TTZFS-8 coherence time of the sample
was measured to be T2,D ≈ 5 µs.

A small bias magnetic field of 10 to 20 G was applied
along one of the NV axes using three orthogonal pairs of
compensation coils placed outside the cryostat window.
At these field strengths, the nuclear spins remain unpolar-
ized, splitting each of the f+ and f− transitions into three
hyperfine components. Microwaves were tuned to the cen-
tral hyperfine line (mI = 0). The field strength was chosen
(approximately 15 G) to optimize the Rabi frequencies of
the |ms = 0〉 ↔ |ms = ±1〉 microwave transitions (f+ and
f−), which were found to be frequency dependent, likely
from the rf delivery structure.

Microwave signals at f+ and f− were synthesized inde-
pendently, amplified, and then combined using a broad-
band power splitter (Mini-Circuits ZFRSC-42-S+) before
being delivered to the sample.

Fluorescence was detected using a single-channel
(unbalanced) photodetector. Because the lower NV density
in this setup yields a substantially reduced fluorescence
signal, we opted not to use balanced detection here; in this
regime, the potential benefits of balanced detection were
less clear and likely outweighed by the added complexity
it introduces.

APPENDIX C: PHASE CONTROL OF TTZFS-8

The TTZFS protocol corresponds to a three-pulse
sequence π/2-2π -π/2, with two free-evolution periods of
duration τ/2 between consecutive pulses. The final wave
function is therefore given by

|�f 〉 = U(π/2)U2U(2π)U1U(π/2) |0〉 . (C1)

We calculate the operators U(π/2) and U(2π) by consider-
ing the Hamiltonian in the field-interaction representation
under the rotating-wave approximation. In the subspace
spanned by |1〉, |0〉, and |−1〉, the Hamiltonian takes the
form

H = �

2

⎛
⎝ 0 	p(t) 0
	p(t) 2
 	s(t)

0 	s(t) 2δ

⎞
⎠ , (C2)
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where � is the reduced Planck constant, 
 is the single-
photon detuning, δ is the two-photon detuning, and 	p(t)
and 	s(t) are the Rabi frequencies of the pump and Stokes
fields associated with transition frequencies f1 and f2,
respectively. Throughout this appendix, we assume reso-

nant conditions (
 = δ = 0) and overlapping rectangular
pulses, 	p ,s(t) = 	0 for 0 < t < t0 and zero otherwise.
Under these conditions, the Hamiltonian can be diagonal-
ized to obtain the exact time-evolution operator (since the
nonadiabatic coupling vanishes for 0 < t < t0),

U(�) =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

cos
(
�
2

)+ 1
2

− i√
2

sin
(
�

2

)
cos

(
�
2

)− 1
2

− i√
2

sin
(
�

2

)
cos

(
�

2

)
− i√

2
sin
(
�

2

)

cos
(
�
2

)− 1
2

− i√
2

sin
(
�

2

)
cos

(
�
2

)+ 1
2

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

, (C3)

with � = √
2�	0t0.

We next introduce the free-evolution operators U1 =
diag

(
1, e−iϕp12 , e−i(ϕp12−ϕs12)

)
and U2 = diag

(
1, e−iϕp23 ,

e−i(ϕp23−ϕs23)
)
, where

ϕp12 = ω1τ
2 + φp1 − φp2,

ϕs12 = ω2τ
2 + φs1 − φs2,

ϕp23 = ω1τ
2 + φp2 − φp3,

ϕs23 = ω2τ
2 + φs2 − φs3, (C4)

and ω1,2 = 2π f1,2. Note that the phases ϕp12, ϕs12, ϕp23, and
ϕs23 carry the dependences on the frequencies as well as the
pulse phases. The phases φpk and φsk denote the phases of
the kth pump and Stokes pulses, respectively, which can
be controlled experimentally. Without loss of generality,
we set the phases of the first pump and Stokes pulses to
zero, φp1 = φs1 = 0.

Evaluating the final populations using Eq. (C1), we find
that the TTZFS signal can be expressed as

S =
∑

j

Aj cos
(
αj
)
, (C5)

with Aj being the Fourier coefficients and αj linear com-
binations of the phases φpk and φsk. Careful examination
reveals that, if the pulse areas are ideal (� = π/2 and� =

TABLE III. Possible phase combinations αi in the ideal case.

Phase combination Expression

α1
(
ω1+ω2

2

)
τ − φp2 + φs2 − φs3

α2
(
ω1+ω2

2

)
τ + φp2 − φp3 − φs2

α3 −2φp2 + φp3 + 2φs2 − φs3

2π for the respective pulses), there are only three unique
values of the phases αj , given in Table III. This leads
to a perfectly sinusoidal signal, oscillating at frequency
(f1 + f2)/2.

When the pulse areas deviate from their ideal values,
additional phase combinations appear. By solving Eq. (C1)

TABLE IV. Additional phase combinations that emerge when
the pulse areas deviate from the ideal values.

Phase combination Expression

α4
(
ω1
2

)
τ − φp2

α5
(
ω1
2

)
τ + φp2 − φp3

α6
(
ω2
2

)
τ − φs2

α7
(
ω2
2

)
τ + φs2 − φs3

α8 ω1τ − φp3

α9 −2φp2 + φp3

α10
(
ω1
2 − ω2

2

)
τ − φp2 + φs2

α11
(
ω1
2 − ω2

2

)
τ − φp2 − φs2 + φs3

α12
(
ω1
2 − ω2

2

)
τ + φp2 − φp3 + φs2

α13
(
ω1
2 − ω2

2

)
τ + φp2 − φp3 − φs2 + φs3

α14 ω2τ − φs3

α15 −2φs2 + φs3

α16
(
ω2
2

)
τ + 2φp2 − φp3 − φs2

α17
(−ω1

2 + ω2
)
τ + φp2 − φs3

α18
(−ω1

2 + ω2
)
τ − φp2 + φp3 − φs3

α19
(
ω1 − ω2

2

)
τ − φp3 + φs2

α20
(
ω1 − ω2

2

)
τ − φp3 − φs2 + φs3

α21
(
ω2
2

)
τ − 2φp2 + φp3 + φs2 − φs3

α22
(
ω1
2

)
τ − φp2 + 2φs2 − φs3

α23
(
ω1
2

)
τ + φp2 − φp3 − 2φs2 + φs3

α24 (ω1 − ω2)τ − φp3 + φs3

064046-11



SEAN LOURETTE et al. PHYS. REV. APPLIED 25, 064046 (2026)

TABLE V. TTZFS-8 scheme.

i φ
(i)
p2 φ

(i)
s2 φ

(i)
p3 φ

(i)
s3 w(i)

1 0 0 0 0 1/8
2 0 π 0 0 −1/8
3 π 0 0 0 −1/8
4 π π 0 0 1/8
5 π

2
π
2 π π −1/8

6 π
2 −π

2 π π 1/8
7 −π

2
π
2 π π 1/8

8 −π
2 −π

2 π π −1/8

for a general pulse area, we identify all such contributions,
given in Table IV. As shown there, up to eight addi-
tional oscillation frequencies can arise when the pulses are
nonideal.

To eliminate these additional unwanted frequencies, we
employ the TTZFS-8 scheme. Table V lists the pulse
phases and the corresponding weights for the eight fringes
required in the scheme. We define the fringes as functions
of the controllable phases,

S(i) = S
(
φ
(i)
p2,φ(i)s2 ,φ(i)p3,φ(i)s3

)
, i = 1, . . . , 8, (C6)

where the superscript labels the row in Table V. Using the
weights w(i), the final signal is obtained by summing all
eight fringes with their respective weights,

S8 =
8∑

i=1

w(i) S(i)

= A1 cosα1 + A2 cosα2. (C7)

Hence, this procedure effectively restores the ideal case
with frequency (f1 + f2)/2.

In Fig. 6, we reproduce Fig. 2(c) by integrating Eq. (C5)
over a distribution of pulse areas [18] with a full width at
half maximum of 16.4% of the Rabi frequency. The spec-
tra of the individual measurements [Fig. 6(a)] reproduce
the experimentally observed peak frequency, confirming
the analytical analysis. When the TTZFS-8 pulse sequence
is applied [Fig. 6(b)], the unwanted frequency components
are canceled. We also consider a scenario that cannot be
accessed experimentally: averaging over pulse-area errors
in the π/2 pulses while assuming a perfect 2π pulse
[Fig. 6(c)]. In this case, no additional frequency com-
ponents appear, and the signal remains purely sinusoidal
at the desired frequency. This demonstrates that imper-
fections in the 2π pulse are the origin of the unwanted
frequencies and that, in their absence, no cancellation
scheme is required.

APPENDIX D: CLOSING THE FEEDBACK LOOP

In order to fully realize a frequency reference based on
D and Q, the measurements should be combined (e.g.,

(a)

(b)

(c)

FIG. 6. Amplitude spectrum expected given the analytical
results for the pulse sequence on the nuclear spin (Q) and
scanning τ . We average the results over a distribution of Rabi
frequencies to simulate pulse area errors. The implementation
of phase control using eight sequences (b) suppresses several
unwanted frequencies present in a single measurement (a), in
agreement with the experimental results. Similarly, the the-
ory points out that a perfect 2π pulse would also suppress
all unwanted frequencies (c). The plots have been scaled to
keep the amplitude of the desired frequency component at the
experimental value.

using an FPGA) to produce a feedback signal to stabi-
lize the 10-MHz signal created with a voltage-controlled
quartz oscillator. Here, we outline the steps that need to be
performed.

For each optical readout pulse, we sample photoelec-
tron counts in two short windows: a front window NA
(duration tA) at the beginning of the pulse, which cap-
tures state-dependent fluorescence, and a back window NB
(duration tB) at the end of the pulse, which acts as a nor-
malization reference to suppress laser-power fluctuations.
The normalized readout is computed as

Si = VA − VB

VB
, (D1)

where VA = GqeNA/tA and VB = GqeNB/tB, with G the
photodetector transimpedance gain and qe the electron
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charge. Note that in the case where the photodetector used
is a balanced photodetector, as in this work, a voltage
offset must be added to VA and VB to account for the pho-
toelectrons produced by green light that were subtracted
from the full fluorescence signal. This offset cancels in the
numerator but not in the denominator. We also note that
if the measurement is to be performed without using the
back normalization window, all of the following equations
should simply use corresponding values of V (VA) in place
of S.

To obtain a measurement of D (or Q), eight optical read-
outs are performed to obtain eight values of Si (S1 through
S8). Each of these readouts is of the following form:

Si = Smax + Smin

2
± Smax − Smin

2
e−τ/T2 cos (2πδf τ),

= S0

[
1 ± C

2
e−τ/T2 cos (2πδf τ)

]
, (D2)

where S0 is the average normalized readout S0 = (Smax +
Smin)/2 for the TTZFS-8 measurement and C is the peak-
to-peak contrast of the TTZFS-8 measurement (before
accounting for the reduction from decoherence), T2 is the
coherence time associated with the TTZFS-8 measure-
ment, and δf is the detuning of D (or Q).

When combining the eight measurements, the dc com-
ponent cancels, resulting in

S = 8S0
C
2

e−τ/T2 cos (2πδf τ). (D3)

The TTZFS-8 pulse sequence can be modified to shift the
resulting fringes by 90◦ by adding a 45◦ phase shift to the
phase of both tones of the echo pulse and by adding a 90◦
phase shift to both tones of the final pulse. This process is
performed both for D and Q to obtain four values of S

SD
x = 4S0Ce−τD/T2,D cos (2πδDτD), (D4)

SD
y = 4S0Ce−τD/T2,D sin (2πδDτD), (D5)

SQ
x = 4S0Ce−τQ/T2,Q cos

(
2πδQτQ

)
, (D6)

SQ
y = 4S0Ce−τQ/T2,Q sin

(
2πδQτQ

)
, (D7)

whose values can be combined to obtain expressions for
δD and δQ as follows:

δD = 1
2πτD

tan−1 SD
y

SD
x

, (D8)

δQ = 1
2πτQ

tan−1 SQ
y

SQ
x

. (D9)

Finally, plugging these values into Eq. (5) gives us an
expression for the corrective shift that is to be sent to the

quartz oscillator,

δψ = ψ

(
α

2πQτQ
tan−1 SQ

y

SQ
x

+ 1 − α

2πDτD
tan−1 SD

y

SD
x

)
.

(D10)

APPENDIX E: PHOTON SHOT NOISE

The photon shot noise, which limits the stability of the
clock for time intervals t � 100 s, can be calculated both
for D and Q using the following equation:

δfPSN

f
=

Accumulated
phase︷ ︸︸ ︷

1
2π f τ

ODMR
contrast︷ ︸︸ ︷

1
C
2 e−(τ/T2)p

1/
√

Nred︷ ︸︸ ︷√
G qe

V0tA

×
√

1 + tA
tB︸ ︷︷ ︸

Window factor

√
1 + Nred

Ngreen︸ ︷︷ ︸
Balanced photo-
detection factor

√
tcycle

t︸ ︷︷ ︸
Averaging

factor

, (E1)

where f is the quantity whose detuning is being measured
(D or Q) and δfPSN is its corresponding photon shot noise,
τ is the (total) free-evolution time defined in Fig. 2(a), C
is the peak-to-peak contrast of the TTZFS-8 measurement
(before accounting for the reduction from decoherence),
T2 and p are the TTZFS-8 decoherence time and stretch
factor, G is the gain (transimpedance) of the photodiode,
qe is the electron charge, V0 is the voltage reading obtained
from the photodetector when only the fluorescence channel
is used, tA (tB) is the readout time of a measurement of
the front (back) optical readout window (see Appendix D),
Nred (Ngreen) is the number of red (green) photons detected
by the corresponding channel of the photodetector, tcycle is
the cycle time or the combined time to perform individual
measures of D and Q, and t is the total measurement time.

The fractional photon shot noise can also be described
as a product of terms. The first three terms are the inverses
of accumulated phase, ODMR contrast, and

√
Nred, whose

product determines the photon shot noise of a single mea-
surement. The next term is the window factor, which
describes the additional photon shot noise gained when
combining the signal from the front window with a back
normalization or reference window. The balanced pho-
todetection factor (usually

√
2) describes the factor that

accounts for the additional noise contribution of green pho-
tons. This factor can be reduced by using an “imbalanced”
photodetector that has nonequal transimpedance for its two
channels, allowing for more green light to be measured
under similar levels of fluorescence [24]. The last factor
is the averaging factor, which accounts for the decrease in
the photon shot noise through accumulating measurements
over time, and is responsible for the 1/

√
t scaling.
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To determine the photon shot noise of the clock signal
ψ , we first use Eq. (E1) to measure the (fractional) photon
shot noise of D and Q and then combine them according to
the following equation:

δψPSN

ψ
=
√(

δQPSN

Q

)2

α2 +
(
δDPSN

D

)2

(1 − α)2, (E2)

where α [defined in Eq. (5)] is determined only by the ratio
of the fractional temperature dependences of D and Q.

APPENDIX F: SECOND-ORDER TEMPERATURE
CORRECTIONS

If desired, it is also possible to obtain a measurement of
δψ/ψ that has no first- or second-order temperature depen-
dence, using the same measurements of D and Q. To do so,
we first define the fractional derivatives, including higher
orders, for D and Q, evaluated at T = T0,

λ
(n)
D := 1

D
∂nD
∂Tn

∣∣∣∣
T=T0

, (F1)

λ
(n)
Q := 1

Q
∂nQ
∂Tn

∣∣∣∣
T=T0

. (F2)

Next, we modify Eqs. (2) and (3) to include terms that are
second order in δT = T − T0,

δD
D

= δψ

ψ
+ λDδT + 1

2
λ
(2)
D δT

2, (F3)

δQ
Q

= δψ

ψ
+ λQδT + 1

2
λ
(2)
Q δT

2. (F4)

By temporarily neglecting the second-order terms, we can
combine the equations while excluding δψ/ψ to obtain a
first-order approximation of δT, as done in the main text
[Eq. (6)],

δT ≈ 1
λD − λQ︸ ︷︷ ︸
−18 ppm/K

(
δD
D

− δQ
Q

)
. (F5)

We can also combine the equations while excluding the
first-order terms in δT to obtain an expression for δψ/ψ
that is the same as that derived in the main text [Eq. (5)],
except that it has a second-order correction in terms of δT,

δψ

ψ
≈ δQ

Q

α≈1.4︷ ︸︸ ︷
λD

λD − λQ
+δD

D

1−α≈−0.4︷ ︸︸ ︷
−λQ

λD − λQ

+ 1
2

λDλQ

λD − λQ︸ ︷︷ ︸
−10 ppm/K

(
λ
(2)
D

λD
− λ

(2)
Q

λQ

)

︸ ︷︷ ︸
−800 ppm/K

δT2. (F6)

By substituting our earlier approximation for δT, we obtain
an expression for δψ/ψ that cancels both first-order and
second-order temperature effects,

δψ

ψ
= δQ

Q
α + δD

D
(1 − α)

+ 1
2

λ
(2)
D λQ − λDλ

(2)
Q(

λD − λQ
)3

(
δD
D

− δQ
Q

)2

. (F7)
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