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Nuclear spin ensembles in diamond are promising candidates for quantum sensing applications, including
rotation sensing. Here we characterize the optically detected nuclear spin transitions associated with the 14N
nuclear spin within diamond nitrogen-vacancy (NV) centers. We observe that the contrast of the nuclear-
spin-dependent fluorescence is comparable to the contrast of the NV electron-spin-dependent fluorescence.
Using Ramsey spectroscopy, we investigate the temperature and magnetic field dependence of the nuclear spin
transitions in the 77.5–420 K and 350–675 G range, respectively. The nuclear quadrupole coupling constant Q
was found to vary with temperature T , yielding d|Q|/dT = −35.0(2) Hz/K at T = 297 K. The temperature
and magnetic field dependencies reported here are important for quantum sensing applications such as rotation
sensing and potentially for applications in quantum information processing.
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I. INTRODUCTION

Quantum sensors based on nitrogen-vacancy (NV) spin
qubits in diamond are used in a number of sensing modali-
ties, including magnetometry, electrometry, and thermometry
[1–4]. Typically, the qubit used for sensing applications is
formed from the NV electron spin levels due to their high
sensitivity to environmental perturbations. However, nuclear
spins can be more suitable for applications where sensitivity
to magnetic noise and temperature variations is undesirable,
such as rotation sensing [5–7]. Of particular interest are
nitrogen nuclear spins intrinsic to NV centers. These spins can
be efficiently optically polarized and read out via NV electron
spins.

Consider the example of using the intrinsic 14N nuclear
spins of an ensemble of NV centers for rotation sensing. The
14N nuclear spins are prepared in a superposition state and
precess about their quantization axis with nuclear precession
rate ω0. If the diamond rotates about this axis with a rate ω,
the nuclear precession rate in the diamond reference frame is

*jarmola@berkeley.edu

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

ω0 − ω. The minimum detectable change in ω is given by

δω ≈ 1

C
√

ηNT ∗
2 τ

, (1)

where C is the fractional contrast of spin-state-dependent
fluorescence, η is the photon-collection efficiency, N is the
number of interrogated spins, T ∗

2 is the spin-coherence time,
and τ is the total integration time. From Eq. (1), it can be
seen that intrinsic 14N nuclear spins offer an advantage over
electron spins owing to their 103-fold longer coherence time
[8] at the same number density. Nuclear spins also benefit
from a 103–104 times smaller gyromagnetic ratio than that
of electron spins, minimizing the frequency shifts due to
fluctuations in the magnetic field.

A remaining challenge is to realize a high spin readout
contrast C without introducing additional sources of tech-
nical noise. One avenue that has been explored is the use
of conditional microwave pulses to map nuclear spin states
onto NV electron spin states, which requires the use of both
radio-frequency and microwave fields [9–11]. This approach
has been shown [8] to achieve a readout contrast of C �
10−2, approaching the contrast realized with NV electron spin
ensembles [4]. However, environmental influences, such as
magnetic field and temperature variations, affect the electron
spin transition frequency, limiting the robustness of this tech-
nique [8].

Optical readout of the nuclear spin state can also
be accomplished directly without the use of microwave

2643-1564/2020/2(2)/023094(8) 023094-1 Published by the American Physical Society

https://orcid.org/0000-0001-5439-1324
https://orcid.org/0000-0002-1273-703X
https://orcid.org/0000-0002-5473-6481
https://orcid.org/0000-0002-7356-4814
https://orcid.org/0000-0002-0243-9282
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.2.023094&domain=pdf&date_stamp=2020-04-28
https://doi.org/10.1103/PhysRevResearch.2.023094
https://creativecommons.org/licenses/by/4.0/


A. JARMOLA et al. PHYSICAL REVIEW RESEARCH 2, 023094 (2020)

mapping pulses near the excited-state level anticrossing (ES-
LAC) [8–10]. The advantage of this technique is that it
directly provides information about the nuclear spin states
without precise knowledge of the electron spin transition
frequencies. While this technique has been previously demon-
strated, here we systematically analyze its readout contrast.

In this work, we characterize the optical readout mecha-
nism of 14N NV nuclear spin ensembles. We find that the
contrast of nuclear spin Rabi oscillations exceeds 2% in
a broad range of magnetic fields, from approximately 450
to 550 G. Using Ramsey spectroscopy, we investigate the
temperature and magnetic field dependence of the nuclear spin
transition frequencies. At 297 K, we find that the tempera-
ture dependence of the nuclear quadrupole coupling constant
is d|Q|/dT = −35.0(2) Hz/K, which is about 2000 times
smaller than the temperature dependence of the NV electron
spin zero-field splitting D [12]. Our results hold promise
for quantum sensing applications requiring minimal magnetic
field and temperature dependence, including gyroscopes and
clocks [13].

II. OPTICAL ADDRESSING OF THE 14N NUCLEI

A schematic of the relevant energy levels and transitions
in diamond NV centers is presented in Fig. 1(a); see, also,
Appendix A. Application of light with wavelength shorter
than that of the zero-phonon line of the 3A2 → 3E transition
(at 637 nm) optically induces spin polarization of the NV
centers into the mS = 0 sublevel of the ground electronic state
[14]. If a magnetic field B is applied along the axis of the
NV center, the mS = ±1 sublevels of the ground and excited
states experience Zeeman shifts. At B ≈ 500 G, the mS = 0
and mS = −1 sublevels in the excited state become nearly
degenerate. This condition is referred to as the excited-state
level anticrossing (ESLAC). Near the ESLAC, electron spin
polarization is effectively transferred to the nuclei, achieving
a nearly complete 14N polarization under a wide range of
magnetic fields. Nuclear spin polarization at the ESLAC
mediated by NV centers in diamond has been described in
Refs. [9,10,15,16] and is only briefly summarized here. Near
the ESLAC, strong hyperfine coupling in the excited state
allows the energy-conserving electron-nuclear spin flip-flop
processes to occur between coupled electron-nuclear spin
states, denoted |mS, mI〉. Specifically, such processes can lead
to flip flops between |0,−1〉 and | − 1, 0〉, as well as between
the |0, 0〉 and | − 1,+1〉 states; see Figs. 1(b) and 1(c). Under
optical illumination near the ESLAC, the system is polarized
into the |0,+1〉 spin state; see Fig. 1(d).

The mechanism responsible for nuclear spin polarization
leads to nuclear-spin-dependent fluorescence and provides the
means for direct nuclear spin optical readout. The polarized
|0,+1〉 spin state produces maximum fluorescence because
it is not affected by mixing in the excited state and does
not pass thought the dark singlet states as often. As depicted
in Figs. 1(b) and 1(c), respectively, the |0,−1〉 and |0, 0〉
states undergo an electron-nuclear spin flip-flop process in the
excited state, which changes their electron spin projection to
mS = −1 and causes them to pass through the dark singlet
states, which reduces their fluorescence. The degree of mixing
in the excited state, and therefore the fluorescence rate, is

FIG. 1. (a) Energy levels of the NV center and their depen-
dence on the magnetic field B applied along the NV symmetry
axis. The interaction of the intrinsic electric-field gradient with
the quadrupole moment of the 14N nucleus (nuclear spin I = 1)
leads to a ∼4.94 MHz hyperfine splitting in the mS = 0 ground-
state manifold. In the presence of an applied magnetic field, the
mI = ±1 nuclear levels split. At ∼500 G, the mS = 0 and mS = −1
levels within the excited state undergo a level anticrossing (ESLAC).
(b)–(d) Optical pumping at the ESLAC leads to polarization of the
14N nuclear spin intrinsic to the NV center into the mI = +1 state.
The mechanism responsible for nuclear spin polarization leads to
nuclear-spin-dependent fluorescence.

different for the |0, 0〉 and |0,−1〉 states and depends on the
applied magnetic field (Appendix B).

III. EXPERIMENTAL METHODS

We used a custom-built confocal-microscopy setup to mea-
sure optically detected nuclear magnetic resonances (ODN-
MRs) in an ensemble of NV centers. The sample used in
our experiments is a [100]-cut high-pressure high-temperature
grown diamond with an initial nitrogen concentration of
∼50 ppm. NV centers were created by irradiating the sample
with 10 MeV electrons at a dose of ∼1018 cm−2 and subse-
quent annealing in vacuum at 800 ◦C for three hours.

The diamond sample was mounted inside a continuous-
flow microscopy cryostat. Pulses of 532 nm laser light
(20 mW, 20 μs duration) were focused onto the diamond
using a microscope objective with 0.6 numerical aperture. Flu-
orescence was collected through the same objective, passed
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FIG. 2. (a) Experimental pulse sequence used for ODNMR spectroscopy. (b) ODNMR spectrum obtained at a magnetic field B = 503 G.
The inset illustrates the relative population of nuclear levels at this field. (c) Pulse sequence used to observe nuclear Rabi oscillations.
(d) Optically detected nuclear Rabi oscillations for the f1 transition. Experimental data (dots) were fitted with an exponentially decaying
sine wave (red line) to obtain the maximum oscillation contrast C. (e) Fluorescence responses of the NV centers initialized in |0, +1〉, |0, 0〉,
and |0, −1〉 states at B = 503 G. The vertical lines at the beginning of the traces show the 0.5 μs readout time used in the experiments. (f)
Contrast of Rabi oscillations between the |0, +1〉 and |0, 0〉 states as a function of the magnetic field B. Experimental data (connected dots with
error bars) were fitted with a Lorentzian (red line), whose full width at half maximum (FWHM) was found to be ∼90 G. Five dips observed
in the magnetic field range between 490 and 535 G are due to cross relaxation between NV centers aligned along the field direction and
substitutional nitrogen spins in diamond [17].

through a 650–800 nm bandpass filter, and detected with
a fiber-coupled Si avalanche photodiode. Radio-frequency
signals were delivered using a 100 μm diameter copper wire
placed on the diamond surface next to the optical focus. A
static magnetic field B was applied along one of the NV axes
using a neodymium permanent magnet.

To perform ODNMR spectroscopy, we applied a pulse
sequence illustrated in Fig. 2(a). The radio-frequency pulse
with a typical duration of 200 μs was applied between
the optical pump and probe pulses, and the fluorescence
response of the system was recorded as a function of the
radio frequency. Figure 2(b) shows an example of the 14N
ODNMR spectrum recorded at a magnetic field of B = 503 G.
Two resonances were observed at frequencies f1 and f2 that
correspond to |0,+1〉 → |0, 0〉 and |0,−1〉 → |0, 0〉 transi-
tions, respectively. The amplitudes of the resonances indicate
a strong nuclear polarization of the system into the |0,+1〉
state.

We used a pulse sequence illustrated in Fig. 2(c) to reso-
nantly drive the nuclear spin transition with a radio-frequency
pulse of varying duration τRF . Figure 2(d) shows an example
of optically detected nuclear Rabi oscillations between the
|0,+1〉 and |0, 0〉 states, where C is the contrast of Rabi
oscillations.

We measured the fluorescence responses of the NV centers
selectively initialized in the three nuclear spin states |0,+1〉,
|0, 0〉, and |0,−1〉 at 503 G; see Fig. 2(e). The |0,+1〉 state
was initialized first by optical pumping. The |0, 0〉 state was
prepared through transferring the population from the |0,+1〉
state by applying a radio-frequency π pulse resonant with
the f1 transition. The |0,−1〉 state was similarly prepared

through transferring the population from the |0, 0〉 state by
applying a radio-frequency π pulse resonant with the f2

transition. Nuclear-spin-dependent fluorescence as a function
of magnetic field is presented in Appendix B.

Next, we studied the dependence of the resonant nuclear
Rabi oscillation contrast C for the f1 transition on the applied
magnetic field B near the ESLAC; see Fig. 2(f). The contrast
of nuclear Rabi oscillations exceeds 2% from approximately
450 to 550 G, reaching its maximum value of ∼3.8% at
∼485 G. The maximum value of the electron Rabi-oscillation
contrast observed for the same sample was ∼7%.

IV. MAGNETIC FIELD DEPENDENCE

Nuclear spin transition frequencies f1 and f2 were exper-
imentally measured as a function of magnetic field and tem-
perature by implementing a Ramsey interferometry technique.
Figures 3(a) and 3(b) depict the pulse timing diagrams for
measuring f1 and f2, respectively. The 14N NV nuclear spins
are either prepared in the |0,+1〉 state (to measure f1) or
the |0, 0〉 state (for f2). Subsequently, a π/2 − τ − π/2 pulse
sequence is applied. The fluorescence is recorded as a function
of τ and the resulting Ramsey interference fringes, shown
in Fig. 3(c), are fit to an exponentially decaying sinusoidal
function. From the fit to the Ramsey data, which includes
an exponential decay e−τ/T ∗

2 , we infer the 14N nuclear spin-
coherence time T ∗

2 . The experimentally measured values of
T ∗

2 are in the range from 0.5 to 0.8 ms for all temperature and
magnetic field ranges used in this work.

We plot experimental values of ( f1 + f2)/2 and ( f1 −
f2)/2B as a function of magnetic field in Figs. 3(d) and 3(e),
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FIG. 3. (a),(b) Experimental pulse sequences used to observe
nuclear Ramsey fringes for f1 and f2 transitions, respectively. The
radio-frequency pulse sequence π/2 − τ − π/2 with a variable
time delay τ is applied between laser light pulses. RF1 and RF2
are detuned from the resonance frequencies f1 and f1 by δ1 and δ2,
respectively. A π pulse resonant with the f1 transition is used to pre-
pare nuclear spins in the |0, 0〉 state. (c) Optically detected NV 14N
nuclear Ramsey fringes for the f1 and f2 transitions. Symbols repre-
sent experimental data, while solid lines are exponentially decaying
sine wave fits. The oscillation frequency of the signal corresponds to
detuning δ from the resonance transition f , which is ∼5 kHz for the
presented data. (d) ( f1 + f2)/2 and (e) ( f1 − f2 )/2B as a function of
B. Symbols are values determined from Ramsey spectroscopy, while
solid lines are fits to Eqs. (2) and (3), respectively.

respectively. In contrast to those of an ideal nuclear spin, these
values are not constant, but decrease with increasing magnetic
field strength throughout the studied field range. This is due
to mixing of the electron and nuclear spin states via the
transverse magnetic hyperfine interaction characterized by the
constant A⊥. The average value of the nuclear spin transition
frequencies, f1 and f2, is described in (Appendix A)

f1 + f2

2
=

∣∣∣∣Q + A2
⊥D

D2 − γ 2
e B2

∣∣∣∣. (2)

The effective nuclear gyromagnetic ratio is determined
from

f1 − f2

2B
= γn

(
1 − γe

γn

A2
⊥

D2 − γ 2
e B2

)
, (3)

where γe and γn are the electron and nuclear gyromagnetic
ratios, respectively.

We fit the data plotted in Fig. 3(d) to Eq. (2)
with the following parameters fixed: D = 2870 MHz, γe =
2.803 MHz/G, A⊥ = −2.62 MHz [18]. From the fit, we ob-
tained the value of Q = −4.9457(3) MHz at T = 300 K,
which is in agreement with previously reported values [9,10]
and represents an order of magnitude improvement in preci-
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FIG. 4. (a) ( f1 + f2)/2 as a function of temperature at 484 G
magnetic field applied along the NV axis. |Q| was determined from
the experimental data using Eq. (2). The solid line is a fourth-degree
polynomial fit to Eq. (4). (b) Comparison of the fractional shifts of
|Q| and D as a function of temperature (Appendix D).

sion. We use Eq. (3) to fit the data in Fig. 3(e) and extract the
14N gyromagnetic ratio γn = 307.5(3) Hz/G. The obtained
value agrees with the literature data [19] and confirms the
validity of our theoretical model. Error bars of Q represent the
combination of statistical uncertainty and the uncertainty in
A⊥, while in the case of γn, the main uncertainty is associated
with that in the magnetic field measurement (Appendix C).

V. TEMPERATURE DEPENDENCE

Next, we measure f1 and f2 as a function of temperature
and use Eq. (2) to determine Q(T ). The term A2

⊥D/(D2 −
γ 2

e B2) in Eq. (2) is ∼3 kHz at 480 G, which is ∼0.06% of Q.
Therefore, the temperature dependence of D has a negligible
effect on Q(T ). Nevertheless, we used experimental values of
D(T ) (Appendix D) in order to obtain more accurate values
for Q(T ). The temperature dependence of A⊥ is not known,
but if we assume that its fractional temperature dependence
is similar to that of D, then A⊥(T ) also has a negligible
effect on Q(T ). We use a constant value of A⊥ = −2.62 MHz
throughout the entire temperature range. Figure 4(a) shows
the experimentally measured values of ( f1 + f2)/2 and the
inferred value of |Q| from Eq. (2) as a function of temperature.
|Q| is shifted from ( f1 + f2)/2 by ∼3 kHz and smoothly
decreases by ∼10 kHz with temperature increasing from 77.5
to 420 K.
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We fit the experimentally determined |Q| data to the fourth-
order polynomial function,

|Q(T )| =
4∑

n=0

anT n. (4)

The fit values of the coefficients are a0 = 4949.473 kHz, a1 =
−9.32 × 10−3 kHz/K, a2 = 9.2597 × 10−5 kHz/K2, a3 =
−4.6294 × 10−7 kHz/K3, and a4 = 3.983 × 10−10 kHz/K4.
The temperature slope of the nuclear quadrupole coupling
constant Q at 297 K is d|Q|/dT = −35.0(2) Hz/K, which
is ∼2000 times smaller than the temperature dependence of
the zero-field splitting parameter D of electron spin transitions
[12], which is dD/dT = −74.2(7) kHz/K. A recent paper
[20] used a different technique to infer a value of d|Q|/dT =
−24(4) Hz/K that is lower than our result, but with an order
of magnitude larger uncertainty.

We find that the fractional changes of Q and D as a function
of temperature match almost perfectly up to a constant factor
of 3.6 [see Fig. 4(b)]. This may suggest that the temperature
dependence of Q and D arises from a common mechanism.
Such a mechanism that would cause similar changes in Q
and D is not obvious because Q and D arise from differ-
ent interactions that depend on different aspects of the NV
center’s electron orbitals. D arises from the magnetic dipolar
interactions between the NV center’s two unpaired electrons,
while Q arises from the interaction between the 14N electric
quadrupole moment and the electric-field gradient at the nu-
cleus.

The equivalent temperature variations of D and Q present
an interesting theoretical problem that will potentially reveal
new microscopic understanding of the NV center. Accord-
ingly, it should be pursued in the future with ab initio calcula-
tions. The discussions presented in Appendix E may serve as
an intuition to guide those calculations.

VI. CONCLUSION AND OUTLOOK

In this work, motivated by the development of diamond-
based rotation sensors, we investigated the nonlinear tem-
perature and magnetic field dependence of the 14N hyperfine
spin transitions in an ensemble of diamond NV centers. These
measurements were enabled by a direct optical readout tech-
nique (without the use of microwave transitions) optimized
in this work. The fluorescence contrast of nuclear Rabi oscil-
lations depends on magnetic field and reaches its maximum
value of ∼3.8% at around 485 G. Such a high contrast is
comparable to that of the electron spin transitions.

From the magnetic field dependence of the frequencies of
the nuclear spin transition, we determine the values of the nu-
clear quadruple coupling constant Q, and gyromagnetic ratio
γn for NV 14N, which are in agreement with the published
values.

While the measured temperature dependence of the nuclear
spin transition is smaller than the corresponding dependence
of the electron spin transitions in both absolute (by a factor of
∼2000) and relative (by a factor of ∼3.6) measure, this tem-
perature dependence can still prove problematic for precision
sensors. This dependence can be further reduced by recon-
figuring the measurement to sense the interval between the

mI = ±1 levels directly, in analogy with how this is done for
electronic states [21]. Another approach is to use spin-1/2 15N
nuclei instead of 14N that do not have a quadrupole moment
and therefore there is no quadrupole splitting. The relative
advantages and disadvantages of using 15N vs 14N centers for
gyroscopic applications require separate consideration.
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APPENDIX A: NV GROUND-STATE TRANSITIONS

The relevant spin Hamiltonian of the NV ground state in
the presence of an axial magnetic field Bz can be written as

H = D

(
S2

z − 1

3
S2

)
+ γeSzBz + Q

(
I2
z − 1

3
I2

)

− γnIzBz + A‖SzIz + A⊥
2

(S+I− + S−I+), (A1)

where S and I are the dimensionless electron and nuclear spin
operators, respectively, D is the zero-field electron spin-spin
interaction, γe and γn are the electron and nuclear gyromag-
netic ratios, respectively, Q is the nuclear quadrupole coupling
constant, and A‖ and A⊥ are the axial and transverse magnetic
hyperfine constants. Treating the transverse magnetic hyper-
fine interaction as a perturbation, the nuclear spin Hamiltonian
of the mS = 0 manifold is, to second order,

H0 =
(

Q + A2
⊥D

D2 − γ 2
e B2

z

)(
I2
z − 2

3

)

− γn

(
1 − γe

γn

A2
⊥

D2 − γ 2
e B2

z

)
IzBz, (A2)

from which we can determine the average value of the nuclear
spin transitions f1 and f2,

f1 + f2

2
=

∣∣∣∣Q + A2
⊥D

D2 − γ 2
e B2

z

∣∣∣∣, (A3)

and the effective nuclear gyromagnetic ratio γ eff
n ,

γ eff
n = f1 − f2

2Bz
= γn

(
1 − γe

γn

A2
⊥

D2 − γ 2
e B2

z

)
. (A4)

These expressions are valid sufficiently far from the
ground-state level anticrossing (GSLAC), where the term with
the resonant denominator is a small correction. We also note
in passing that in the vicinity of the GSLAC, there is an
interesting regime to study the temperature and magnetic field
dependence of A⊥, which will be a subject of future work.
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FIG. 5. (a) Normalized averaged nuclear spin states’ fluores-
cence responses (0.5 μs readout time) as a function of magnetic
field. (b) Nuclear spin states’ fluorescence response differences at the
selected magnetic field strengths (thicker lines: I|0,+1〉 − I|0,0〉; thinner
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show the 0.5 μs readout time used in the experiments presented in
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APPENDIX B: NUCLEAR-SPIN-DEPENDENT
FLUORESCENCE

Figure 5(a) shows averaged and normalized fluorescence
responses (0.5 μs readout time) of the NV centers selectively
initialized in the three nuclear spin states of the mS = 0 man-
ifold (|0,+1〉, |0, 0〉, and |0,−1〉) as a function of magnetic
field. The fluorescence rate for the |0,+1〉 state is the highest
for the studied magnetic field range, while the relative fluo-
rescence rate for the |0, 0〉 and |0,−1〉 states depends on the
magnetic field strength. The fluorescence rate for the |0,−1〉
state is higher than that for the |0, 0〉 state at the magnetic
field strength below ≈495 G and it is lower at magnetic field
strength above ≈495 G. This relative fluorescence-response
behavior reflects the degree of mixing in the excited state
depending on the magnetic field. Figure 5(b) demonstrates
differences in the fluorescence responses for the selectively
initialized nuclear spin states |0,+1〉, |0, 0〉, and |0,−1〉 at
503, 484, and 424 G.

APPENDIX C: MAGNETIC FIELD ALIGNMENT
AND CALIBRATION

A static magnetic field B was applied along the NV axis
using a neodymium permanent magnet mounted on a three-
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FIG. 6. (a) Experimental pulse sequence used to obtain ODMR
signals. (b),(c) Pulsed ODMR signals for the NV subensembles
aligned along the magnetic field B for mS = 0 → mS = −1 and
mS = 0 → mS = +1 transitions, respectively.

axis translation stage. The alignment of the applied magnetic
field was done by overlapping three NV electron spin reso-
nances corresponding to the three NV subensembles, which
are not aligned with the field. The alignment of the B along
the [111] axis is estimated to be better than 0.2 degree. The
electron spin resonances associated with the NV subensemble
aligned with B were used to determine the strength of the
applied field. Pulsed optically detected magnetic resonance
(ODMR) signals were recorded for both mS = 0 → mS = −1
and mS = 0 → mS = +1 transitions in Fig. 6. The duration
of the microwave π pulse in the pulsed ODMR measurement
was of the order of 2 μs. Each ODMR signal was fitted with
the three Lorentzians separated by 2.2 MHz. The relative
amplitudes of the Lorentzians’ fit indicates the high degree of
nuclear spin polarization, >95%, even at ≈150 G away from
the ESLAC. We used the fit values of the central Lorentzian
frequency for both transitions f− and f+ to determine the
strength of the magnetic field,

B = f+ − f−
2γe

, (C1)

where γe = 2.803 MHz/G. We estimate the statistical uncer-
tainty of the magnetic field measurement to be better than
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FIG. 7. Experimental values of zero-field splitting D as a func-
tion of temperature.

0.1 G. Nevertheless, the drift of the magnetic field during
the nuclear Ramsey measurements can introduce a systematic
uncertainty in B. This magnetic field drift associated with
the permanent magnet’s sensitivity to the ambient temper-
ature fluctuations represents the main source of uncertainty
in the measurement of the nuclear gyromagnetic ratio γn.
We estimate the maximum systematic error introduced by
the magnetic field drift to be less than 0.3 G. In the ODMR
signal, we also observe polarization of the 13C nuclear spins
proximal to the NV centers with hyperfine interaction strength
of 13–14 MHz [16].

APPENDIX D: TEMPERATURE DEPENDENCE OF D

Figure 7 shows the experimentally measured values of D as
a function of temperature for a diamond sample similar to that
used in the present work ([N]≈50 ppm, [NV]≈16 ppm) in the
range from 5 to 390 K. These results were obtained employing
a standard ODMR technique. The data for the temperature
range from 5 to 300 K were published in [22], while the rest
of the data remain unpublished. We use this data in Eq. (2)

to extract Q as a function of temperature from experimentally
measured values f1 and f2, as well as to plot the fractional
shift of D in Fig. 4(b) of the main text in the range from 90
to 390 K. Other studies of D(T ) in the temperature range of
5.6–295 K was reported in Ref. [23] and in the temperature
range of 300–700 K in Ref. [24].

APPENDIX E: D(T) VS Q(T)

To find some link between D and Q, we need to also
consider how D depends on individual atomic orbitals. As
shown in Ref. [25], D is approximately determined by the
separation of the mean positions of electrons in the dangling
sp3 carbon orbitals around the vacancy. These mean positions
depend on the carbon lattice positions and the sp hybridization
of their dangling orbitals. The lattice positions and hybridiza-
tion are correlated because if the carbons move relative to their
nearest neighbors, then their atomic orbitals must rehybridize
to maintain bonds with those neighbors (this is often called
bond bending). The same is true of the hybridization of the ni-
trogen atom’s orbitals and so the occupation of the nitrogen’s
pz orbital is correlated to the nitrogen’s lattice position. Thus,
D and Q are linked if there is a common displacement (up
to a proportionality factor) of the carbon and nitrogen atoms
around the vacancy.

As shown in Ref. [22], the temperature dependence of
D has two contributions: thermal expansion and quadratic
electron-phonon interactions. These contributions are gener-
alizable across the different types of resonances of the NV
center (i.e., visible and infrared) [22] and so are also expected
to govern the temperature dependence of Q (although in that
case it will be nuclear-phonon interactions). Both of these
contributions represent lattice displacements: either static
(thermal expansion) or dynamic (interactions with phonons).
Hence, if there are common displacements of the nitrogen and
carbon atoms, then this may result in the qualitatively identical
temperature variations of D and Q.
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