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Spin qubits associated with color centers are promising platforms for various quantum technolo-
gies. However, to be deployed in robust quantum devices, the variations of their intrinsic properties
with the external conditions, and in particular temperature, should be known with high precision.
Unfortunately, a predictive theory on the temperature dependence of the resonance frequency of elec-
tron and nuclear spin defects in solids remains lacking. In this work, we develop a first-principles
method for the temperature dependence of zero-field splitting, hyperfine interaction, and nuclear
quadrupole interaction of color centers. As a testbed, we compare our ab-initio calculation results
with experiments in the Nitrogen-Vacancy (NV) center finding good agreement. Interestingly, we
identify the major origin of the temperature dependence as a second-order effect of phonon vibra-
tion. The method is generally applicable to different color centers and provides a theoretical tool
for designing high-precision quantum sensors.

Color centers, the fluorescent lattice defects in insula-
tors, have been intensively studied as solid-state qubits
for quantum computing [1, 2], quantum communica-
tion [3, 4], and quantum sensing [5, 6]. The temperature
(and strain) dependence of the spin defects properties is a
critical factor in their performance: their spatio-temporal
fluctuations in the crystal host would result in degraded
coherence times, while the sensitivity of the defects to
small variations can be exploited in quantum sensing [5].
A predictive theoretical model accompanied by a robust
computational protocol would be invaluable in both mit-
igating deleterious effects and selecting the best host/de-
fects combinations for quantum sensing. Here, we devel-
oped a first-principles method for predicting the temper-
ature dependence of optical, electronic and nuclear spin
transition frequencies. We benchmark our calculations
using the properties of the nitrogen-vacancy (NV) cen-
ter in diamond. Our first-principle calculations achieve
excellent agreement with the temperature dependence
of the NV zero phonon line (ZPL), zero-field splitting
(ZFS), hyperfine interaction and nuclear quadrupole in-
teraction. Crucially, we find that the dominant part of
the temperature dependence is from a second-order dy-
namical phonon effect. Our method paves the way for
computation-assisted design of novel quantum sensors us-
ing color centers in solids.

We select the NV center as our testbed since it has been
accurately characterized in experiments for its applica-
tions to quantum sensing of magnetic fields [7, 8], elec-
tric fields [9], temperature [10, 11], pressure[12, 13], and
rotation [14, 15]. While the temperature dependence of
the NV electronic spin resonance frequency [16] has been
exploited to probe the local temperature with ultra-high

spatial resolution in nanothermometry devices [17–24],
it is also detrimental to some quantum devices since its
fluctuations can lead to decoherence [25].

Despite extensive experimental study on the tempera-
ture dependence of both electronic and nuclear spin fre-
quencies [26–31], a predictive theoretical method is still
lacking. The temperature dependence has been previ-
ously attributed to thermal expansion, but the calculated
temperature shifts are far smaller in absolute magnitude
than the experimental values [26, 30–32] (in all cases by
an order of magnitude). This discrepancy indicates that
other effects dominate the temperature dependence. Var-
ious explanations have being proposed for such a discrep-
ancy. Doherty et al. proposed that the dynamical phonon
effect might play an important role in the temperature
dependence of the ZFS [16]. However, in the absence of
a method to evaluate the dynamical phonon effect from
first principles, its contribution to the temperature de-
pendence could not be unambiguously determined. To
overcome these challenges, here we develop a theoretical
model of the defect energy transitions ν dependence on
the temperature-induced atomic displacement up to sec-
ond order. We combine a full calculation of the phonon
spectrum including density functional perturbation the-
ory (DFPT) [33] with density functional theory (DFT)
calculation of the spin-transition energies with the super-
cell method [34].

Given an electro-nuclear spin system, such as the NV
center, we aim at calculating the temperature-induced
shift of a transition frequency ν between any two lev-
els that can be probed experimentally (e.g., by Rabi ex-
periments.) The shift in ν arises from the temperature-
induced atomic displacement, as the thermal excitation
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of electrons is negligible due to the large energy gap in
a broad temperature range. For a general transition,
the atomic displacement effect is described by the en-
ergy surfaces of the two levels as a function of atomic co-
ordinates, as shown in Fig. 1(a). Expressing the atomic
configuration by the normal coordinates of phonon modes
{qi}, the transition frequency is then a function of ({qi}):
ν = [E2({qi}) − E1({qi})]/~ (E1 and E2 are the energy
level 1 and energy level 2, respectively). At finite temper-
ature, {qi} have both thermal and quantum fluctuations.
As all electron and nuclear spin transition frequencies are
at least three orders of magnitude smaller than the typi-
cal phonon frequency [35], the measured ν is a statistical
average of the phonon mode distribution:

〈ν〉 = ν0 +
∑
i

[
(
∂ν

∂qi
)0〈qi〉+

1

2
(
∂2ν

∂q2i
)0〈q2i 〉

]
+O(q3). (1)

The first-order term represents the change of atomic equi-
librium positions, corresponding to thermal expansion.
Here we emphasize that the first-order term is typically
smaller than the second-order term as 〈qi〉 originates from
the weak phonon anharmonicity. Then, what appears to
be a “first-order term” in Eq. (1) is actually the product
of first-order and third-order terms, as a purely harmonic
system will have zero thermal expansion with 〈qi〉 = 0.
We evaluate the first-order term through the quasihar-
monic approximation [36] as a static lattice expansion ef-
fect. The temperature-dependent lattice parameter a(T )
of nitrogen-rich diamond is reproduced from the previ-
ous experiments [37], and ν(a) is calculated for different
a at equilibrium atomic configuration. The thermal ex-
pansion contribution to the spectral drift is then:

(
∂ν

∂T
)quasiharmonic =

∂ν

∂a
a(T )α(T ), (2)

where α(T ) is the linear thermal expansion coefficient at
temperature T .

The dominant second-order term represents the atomic
vibration around the equilibrium positions caused by
phonon excitation at finite temperature. The second-
order term is evaluated by the dependence of the spin-
transition energy ν on the phonon occupation num-
ber ni = 0, 1, 2, · · · (i is the vibrational mode index),
which affects 〈q2i 〉 in Eq. (1). By evaluating 〈q2i 〉 for
a quantum harmonic oscillator (harmonic phonon the-
ory) at thermal equilibrium, 〈q2i 〉 = ~

Miωi
(〈ni〉 + 1

2 ) =

~
Miωi

(
1

e~ωi/kT−1 + 1
2

)
, we obtain

〈ν〉 = ν0(a) +
∑
i

1

2

∂2ν

∂q2i

~
Miωi

(
1

e~ωi/kT − 1
+

1

2

)
, , (3)

where Mi is the mode-specific effective mass (conjugate
to the qi definition) in real-space harmonic lattice dy-
namics expansion. Here we already included the “first-
order”, thermal expansion term in Eqs. (1)-(2) by taking
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FIG. 1. (a) Illustration of the second-order phonon effect to
spin resonance. (b) Electron and nuclear spin interaction in
an NV center. The blue isosurface of electron spin density is
from the DFT, and the brown and silver spheres represents
carbon and nitrogen atoms, respectively. (c) The energy levels
of NV centers.

ν0 not at the zero-temperature lattice constant a0, but
at finite-temperature lattice parameter ν0 = ν0(a(T )).

We can gain a physical intuition of this result by using
the Franck–Condon principle [38] and graphically ana-
lyzing the expected frequency shift from Fig. 1(a). We
consider two spin energy levels within vibrational energy
levels (ni = 0, 1, 2, · · · ) associated with orthogonal vi-
brational wavefunctions of the ions. The upper energy
surface (red, associated with the higher spin energy) has
a slightly softer phonon frequency (on average, at least,
for the NV center). Therefore, the spin-transition en-
ergy ν decreases as the phonon number ni increases. Al-
though the typical radio-frequency and microwave (MHz
to GHz) spin control cannot induce direct transitions be-
tween different phonon levels ni (∼THz), these vibra-
tion energy levels still affect the average spin transition
frequencies by inducing a relatively small shifts in total
energy (ni + 1

2 )~∆ωi, where ∆ωi = ωred
i − ωblue

i is the
difference in modal frequency between the upper energy
surface (red) and the lower energy surface (blue).

More specifically, the mean value of the spin transition
frequency can be calculated as

〈ν〉 =
∑
{ni}

e−
∑

i ~ωi(ni+
1
2 )/(kT )

Z

[
ν0(a) +

∑
i

∆ωi
2π

(ni +
1

2
)

]

= ν0(a) +
∑
i

∆ωi
2π

(
1

e~ωi/(kT ) − 1
+

1

2

)
. (4)

As ∆ωi � ωi ≡ (ωred
i + ωblue

i )/2, the expression can
be evaluated by the second order derivative of the spin-
transition energy (vertical distance between red and blue)
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to the normal-mode coordinates ∆ωi = ~
2Miωi

∂2(2πν)
∂q2i

,

where (2π~ν) is the difference in red and blue potential
energy surfaces. Then the temperature-dependent fre-
quency due to dynamic-harmonic-phonon effect is given
by Eq. (3), which is the form we will adopt for the nu-
merical computations in this paper.

Based on the theoretical analysis, we develop the
first-principles method to evaluate the quantities in
Eq. (3). At first, a full phonon calculation is imple-
mented through the phonopy package [39] combined with
DFPT implemented in Vienna ab-initio simulation pack-
age (VASP) [40, 41] to derive the frequency ωi and
effective mass Mi of the full phonon spectrum. The
second-order derivatives are then calculated by the finite-
differential method:

∂2ν

∂q2i
=

1

δq2i
[ν(δqi) + ν(−δqi)− 2ν(0)] +O(δq2i ), (5)

where ν(qi) is calculated by exerting a small displace-
ment of δqi relative to the relaxed atomic configuration
in the DFT calculations (see Supplemental Materials for
details [42]).

We simulate the NV center in diamond by a 4×4×4
rhombohedral supercell with the single defect at the cen-
ter. First, we calculate the zero-temperature electronic
structures of the NV center for the fully relaxed atomic
configuration (Fig. 1b). The electronic structure calcu-
lation employs the DFT and projector-augmented-wave
(PAW) method implemented by VASP. The ground state
3A2 contains electron spin S = 1 and 14N nuclear spin
I = 1, leading to the fine and hyperfine structure shown
in Fig. 1(c). The spin state splittings originate from three
types of interaction: the electron-electron magnetic dipo-
lar interaction D, the hyperfine interaction A, and the
nuclear quadrupole interaction Q [43]:

Ĥ = ~S ·D · ~S + ~S ·A · ~I + ~I ·Q · ~I. (6)

D, A, and Q are calculated by the 1st-order perturbation
theory to the DFT ground state [32, 44–47] (see SM [42]
for details). Selecting the C3 axis of the NV center as the
z-direction, and taking into account that HD � HA, HQ,
the effective Hamiltonian reduces to [35]

Ĥ = DS2
z +QI2z +AzzSzIz, (7)

where D = 3
2Dzz and Q = 3

2Qzz. The temperature vari-
ations of D, Q, and Azz are then calculated by relating
them to transitions ν between two selected spin states
(illustrated in Fig. 1c). Similarly, the ZPL’s tempera-
ture dependence is calculated by Eq. (4) using the ∆SCF
method [44, 48, 49] (see SM [42] for details).

Applying our method to electronic transition, we cal-
culate the temperature dependence of the ZPL and ZFS
(Fig. 2). The “first-order” thermal expansion effect is,
as found in previous computational work [26, 32], far

smaller than the experimental results for the measured
temperature drifts. This is not surprising since the
quasi-harmonic “first-order” is physically a “cubic-order”
Grüneisen parameter× “first-order” effect. Including the
second-order dynamical phonon effects corrects the dis-
crepancy. The overall simulation results (summation of
the first and second-order) for both quantities are now
consistent with prior experimental results. The calcu-
lated temperature derivative dD

dT at room temperature is -
75.99 kHz/K, consistent with the widely used experimen-
tal value of -74.27 kHz/K [26]. Different from Ref. [16]
where the dynamical phonon effect is fitted by experi-
ment, we evaluate the effect in a parameter-free manner
from first-principles calculations. Our result strongly in-
dicates that the main mechanisms of the temperature de-
pendence of the ZPL and ZFS is the dynamical phonon
effect, with a smaller contribution from the thermal ex-
pansion. The temperature shift of the ZFS in NV cen-
ters provides promising prospects for nanothermometry,
where the magnitude of dDdT is crucial for its temperature
sensitivity [6]. Our method provides a predictive tool to
search for different color centers for optimal temperature
sensitivity.

We then calculate the temperature dependence of
the nuclear spin interaction. The temperature depen-
dence of 14N-related nuclear spin transition is shown in
Figs. 3(a,b). Both Azz and Q are negative quantities,

FIG. 2. (a) The ZPL and (b) ZFS from simulation and exper-
iment. The blue and red dashed lines represent the first-order
(thermal expansion) and second-order (dynamical phonon)
effects, respectively. The black line is the total shift from
simulation, and the green dots are experimental data points
reproduced from Refs. [16, 30]
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FIG. 3. (a) Nuclear quadrupole interaction Q and (b) Hyperfine interaction Azz from simulation. The blue, red, and black
curves represent the calculated temperature-induced change from thermal expansion effect, 2nd-order vibration effect, and their
summation, respectively. The insets are the derivative of Q and Azz results, where the green dots are experimental data
reproduced from ref. [16, 27, 28, 50] (c) Overlap behavior of D(T ), Q(T ), and Azz(T ) from simulation. The inset shows the
spectral density SD, SQ, and SA as defined in Eq. (8), where Gaussian broadening is applied to the δ(ω − ωi) for each phonon
mode with a width of 2 THz.

and their absolute values decrease with increasing tem-
perature, yielding positive dQ/dT and dAzz/dT . The
thermal expansion contribution to the temperature shifts
has an opposite slope with respect to the experiments.
The dynamical phonon effect is more than one order of
magnitude larger than the thermal expansion effects, so
it corrects both the trend and the magnitude, obtain-
ing dQ

dT and dAzz

dT in good agreement with the previous
experiments [16, 27, 28, 50].

Azz is much more sensitive to T than Q. The sensitiv-
ity of Azz mainly comes from the Fermi contact term that
is highly sensitive to the atomic displacement in the dy-
namical phonon effects according to our calculations. In
comparison, the electric field gradient (EFG) is relatively
insensitive to atomic displacement, so Q has a smaller
temperature shift. Therefore, we expect that the higher
sensitivity of Azz than Q is also a general behavior in
many other color centers. It has been recently proposed
that with dAzz

dQ > 1, the coherence time of nuclear spin
qubits can be robustly protected by at least one order
of magnitude through noise decoupling techniques [50].
The generality of the higher sensitivity of Azz indicates a
broad applicability of such a method to various solid state
spin defects. The relative shift of the hyperfine transi-
tion, dAzz

dT
1
Azz

approaches 8.9 × 10−5K−1 at room tem-
perature. While the absolute value of ZFS shift is much
larger, the relative frequency change dD

dT
1
D ≈ 2.58× 10−5

is smaller than for the hyperfine. Thus, to operate a
quantum sensor based on the nuclear spin it is impera-
tive to re-calibrate the temperature effects [25].

Previous experimental results had observed a strong,
but so-far unexplained, correlation between D(T ) and
Q(T ) [28]. Our first-principles results not only confirm
such a correlation and show its validity over a broad tem-
perature range up to 500 K (Fig. 3c), but also provide ap-
proaches to revealing the underlying mechanism of such

a correlation. As the dynamical phonon effects are domi-
nant for all these interactions, we investigate the overlap
behavior by defining the spectral density of the second-
order derivative of ν as

Si(ω) =
∑
j

1

Mj

∂2νi
∂q2j

δ(ω − ωi), (8)

as shown in the inset of Fig. 3(c). The large intensities
of SD, SQ, and SA at around 32 ∼ 38 THz is attributed
to the high phonon density of states (DOS) [51] and
large second-order derivatives in Eq. (8) at that frequency
range. The ratio between two temperature-induced fre-
quency shifts is then a weighted average between their
spectral density:

∆ν1
∆ν2

=

∫
S1(ω)fFD(T, ω)/ωdω∫
S2(ω)fFD(T, ω)/ωdω

, (9)

where fFD is the Fermi-Dirac distribution. As the spec-
tral densities SQ and SD have a similar shape, the ratio
∆Q/∆D is relatively insensitive to temperature. In com-
parison, SA shows a more striking difference, undermin-
ing Azz’s overlap with Q and D. Thus, although Azz(T )
also shows an approximate correlation with Q and D, it
has a relatively larger deviation with a larger slope in the
low-temperature region and a smaller slope in the high-
temperature region as shown in Fig. 3(c). We note that
the spectral correlation between different interactions can
be quite accurate and paves the way to designing robust
coherence protection protocols by refocusing one interac-
tion variations using other correlated interactions over a
broad range of temperatures [50].

Beyond accurately reproducing experimental results,
we can predict the hyperfine temperature shift of 13C
nuclear spins around the NV center, which have been ac-
tively investigated as qubits [29, 52–55] (Fig. 4a). Azz for
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FIG. 4. Hyperfine interaction Azz with 13C nuclear spin from
simulation. (a) Illustration of the three groups of identical
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against the distance d between the 13C site and the NV center.
(c) Temperature shifts of Azz for 13C atoms at different sites.

13C atoms at different lattice sites around the NV centers
is shown in Fig. 4b as a function of their distance to the
NV center, where we identify three groups of equivalent
13C lattice sites with the strongest interaction. The 13C
atom at the first-shell lattice sites (C(1)) of the NV cen-
ter shows a strong hyperfine splitting of 129 MHz, well
consistent with the experimental value of 127 MHz [29].

The temperature dependence ∆Azz(T ) of the three
groups of 13C lattice sites is shown in Fig. 4c. Azz is
positively related to T for all the three groups of lattice
sites. The most sensitive temperature dependence ap-
pears for C(3) lattice sites, where the temperature shift
approaches 47.2 kHz at 300 K. At room temperature,
the slope dAzz/dT for C(1), C(2), and C(3) are 201, 14,
440 Hz/K, respectively. Previously, experimental work
on the temperature dependence of 13C hyperfine inter-
action did not provide definite results due to the high
noise, while their computational study did not consider
the second-order dynamical phonon effect [29]. Our re-
sults provide a theoretical prediction for Azz(T ) of 13C
atoms in NV centers, which could be measured by the
nuclear spin transition [50].

In the discussion above, we focus on the tempera-
ture shift under thermal equilibrium, but the dynam-
ical phonon effect on spin transition frequency can be
extended to kinetic processes such as phonon transport.
In general, the temperature shift at a single NV center

measures a linear combination Ô(r) =
∑
i

~
2Miωi

∂2ν
∂q2i

n̂i(~r)

of the particle number operators n̂i of ambient phonon,
where electron or nuclear spin of an NV ensemble can

probe phonon distribution in the sample. While most
materials characterization methods probe the atomic
equilibrium position, the second-order temperature shift
of spin defects provides a potential way to probe the dy-
namical process of local atomic vibrations.

Our work provides a general scheme to study the tem-
perature dependence of transition frequencies of color
centers. An integrated python program interfaces with
VASP and phonopy will be made publicly accessible,
which can carry out the numerical workflow automati-
cally. Besides the NV center, various other color cen-
ters such as SiV, SnV, PbV, GeV, MgV in diamond are
also widely studied due to their potential in quantum
sensing and communication [5, 56–58]. Besides diamond,
point defects in silicon [59–61], silicon-carbide [62–64],
Y2SiO5 [65], and YVO4 [66, 67] also attract broad in-
terests. The temperature dependence data of transition
frequency remains lacking for many of these systems. Ap-
plying our method to these spin defects can establish a
database for temperature-dependent transition frequency
of electronic excitation, electron and nuclear spin tran-
sitions, which provides critical information for searching
and designing high-performance quantum devices such as
highly-sensitive sensors and long-lived memories. Thus,
our result paves the way to perform a systematic study
on the energy levels of point defects targeted for different
quantum applications.
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F. Rempp, G. Balasubramanian, T. Wolf, F. Reinhard,
L. C. Hollenberg, F. Jelezko, et al., Electric-field sensing
using single diamond spins, Nature Physics 7, 459 (2011).

[10] N. Wang, G.-Q. Liu, W.-H. Leong, H. Zeng, X. Feng,
S.-H. Li, F. Dolde, H. Fedder, J. Wrachtrup, X.-D. Cui,
et al., Magnetic criticality enhanced hybrid nanodiamond
thermometer under ambient conditions, Physical Review
X 8, 011042 (2018).

[11] M. Fujiwara and Y. Shikano, Diamond quantum ther-
mometry: From foundations to applications, Nanotech-
nology (2021).

[12] M. W. Doherty, V. V. Struzhkin, D. A. Simpson, L. P.
McGuinness, Y. Meng, A. Stacey, T. J. Karle, R. J. Hem-
ley, N. B. Manson, L. C. Hollenberg, et al., Electronic
properties and metrology applications of the diamond
nv- center under pressure, Physical review letters 112,
047601 (2014).

[13] K. O. Ho, M. Y. Leung, Y. Jiang, K. P. Ao, W. Zhang,
K. Y. Yip, Y. Y. Pang, K. C. Wong, S. K. Goh, and
S. Yang, Probing local pressure environment in anvil cells
with nitrogen-vacancy (n-v-) centers in diamond, Physi-
cal Review Applied 13, 024041 (2020).

[14] A. Jarmola, S. Lourette, V. M. Acosta, A. G. Birdwell,
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DETAILS OF FIRST-PRINCIPLES CALCULATION

The electronic structure calculation employs the projector-augmented-wave (PAW) method implemented by the
Vienna ab-initio simulation package (VASP) with a cut-off energy of 520 eV [40, 41]. Spin-unrestricted calculations are
implement using the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional
for electron exchange-correlation [68] in the calculation of atomic relaxation, density functional perturbation theory
(DFPT), D, Q, and A matrix. The k-point mesh is sampled by the Monkhorst-Pack method [69] with a seperation
of 0.2 rad/Å−1 (3× 3× 3 k-point mesh in the supercell). The energy of electronic iterations converge to 10−7 eV and
force on atoms converge to 0.01 eV/Å.

The phonon calculation is implemented in the 4 × 4 × 4 rhombohedral supercell with only Γ k-point. 381 phonon
modes are obtained at Γ k-point, including 3 trivial modes corresponding to overall translation. The trivial modes have
no contribution to Eq. (5) in the main text, as the overall translation of the system does not change any transition
energy. All the 378 non-trivial phonon modes are then used to calculate the second-order derivative according to
Eq. (5) in the main text. In Eq. (5), the step of displacement δqi is set as 0.1 Å in the NV center calculation. We
tested that using δqi = 0.05 Å gives almost the same temperature dependence, confirming the convergence of our
results to δqi. We mention that numerically, δqi = 0.1 Å is not a large value as it appears to be, as this magnitude
of displacement is distributed to all the 127 atoms in the supercell, and the displacement of each atom is in a proper
range.

CALCULATION OF D, Q, AND A

The first term in Eq. (6) in the main text originates from the electron spin-spin magnetic dipolar interaction from
the Kohn-Sham orbitals [32]:

Dij =
µ0g

2
eµ

2
B

4π

∑
a<b

χab

〈
Ψab

∣∣∣∣r2δij − 3rirj
r5

∣∣∣∣Ψab

〉
(S1)

where µ0, µB, ge are the magnetic constant, Bohr magneton, and Landé factor of electron, respectively. The summation
goes through all electron pairs (a, b). Ψab are particle determinant wave functions from the Kohn-Sham ground state
and χab equals +1/-1 when the states a and b have the same/different spin.

The hyperfine constant (the 2nd term in Eq. (6) in the main text) is a summation of the Fermi contact contribution
and dipolar contribution:

Aij =
µ0gegIµBµI
〈Sz〉

× [
2

3
δijρs (RI) +

1

4π

∫
ρs (r + RI)

r3
3rirj − δijr2

r2
dr]

(S2)

where gI , µI , and RI are the g-factor, nuclear magneton, and coordinate of nuclear spin, ρs is the electron spin density
from the DFT ground state. In the NV center calculation, we use the g-factor of gI = 3.077 × h

µB
MHz/T for 14N

and gI = 10.7084× h
µB

MHz/T for 13C.

The nuclear quadrupole interaction is calculated through the electric field gradient (EFG) Vij = ∂iEj from the
electron density ρ(r):

Vij =
e

4πε0
[−
∫
ρ(r +RI)

3rirj − δijr2

r5
dr+∑

I′

ZI′
3RII′,iRII′,j − δijR2

II′

R5
II′

]
(S3)

where e, ε0, Z ′I , RI , and RII′ are the electron charge, vacuum dielectric constant, nuclear charge, position of nucleus,
and relative coordinate between nucleus I ′ and I. The Q matrix is then calculated by the three principal axis system
(PAS) eigenvalues V1,2,3 of the EFG:

Qij =
eQI

4I(2I − 1)

 V1 − V2 − V3 0 0
0 −V1 + V2 − V3 0
0 0 2V3

 (S4)
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where QI is the nuclear quadrupole moment. In the NV center calculation, we use the 14N nuclear quadrupole moment
QI = 20.44 e·mb.

In the principal axis coordinates, Eq. (6) in the main text is converted to:

ĤD = D[S2
z −

1

3
S(S + 1) +

ε

3
(S2

+ + S2
−)] (S5)

ĤQ = Q[I2z −
1

3
I(I + 1) +

η

3
(I2+ + I2−)] (S6)

ĤA = AzzSzIz +AxxSxIx +AyySyIy (S7)

where D = 3
2Dzz and Q = 3

2Qzz are the splitting energy, and ε = (Dxx −Dyy)/Dzz and η = (Qxx − Qyy)/Qzz are
the asymmetric coefficients. Applying to an uniaxial system like NV-center under zero strain, we select the C3 axis
as z-direction and the effective Hamiltonian reduces to (considering HD � HA, HQ) Eq. (7) in the main text.

CALCULATION OF THE TEMPERATURE-DEPENDENT ZPL

Although the ZPL is not spin-transition, its temperature dependence can be calculated by the same theoretical
framework. The only difference is that the energy levels of the excited state and ground state have a large separation
of 1.945 eV, so their difference can no longer be evaluated perturbatively. Compared with the spin transition where
the transition energy is far smaller than the phonon energy, here the electronic transition energy is far larger than
the phonon energy.

The calculation is implemented through evaluating Eq. (4) in the main text. At first, we use the ∆ SCF method [48]
to calculate the relaxed atomic structure and electronic structures of the excited states, where one electron is placed
in a high-lying Kohn-Sham orbital. In the NV center calculation, this is realized by fixing the electron occupancy
according to the 3E excited state’s a1e

3 molecular orbital configuration as in ref. [49]. (The same electron occupancy
is set for all k points in the supercell calculation, yielding the 3E state with one excited electron in each NV center, or
namely, one excited electron in each supercell). The phonon spectral of the excited states is then calculated, deriving a
series of excited state phonon frequency ωei . Combining with the ground state phonon frequency ωgi , we derive ∆ωi in
Eq. (4) in the main text. ωi in the equation is set as the ground state phonon frequency, as phonon exhibits the Boson
distribution according to the ground state phonon spectral in the ZPL measurement. The first-order contribution
from ν0(T ) is directly calculated through the excitation energy calculation under lattice expansion by the ∆ SCF
method.

CONVERGENCE TEST OF THE SUPERCELL SIZE

Here we conducted convergence test to show that the 127-atom 4 × 4 × 4 rhombohedral supercell we used for NV
centers can derive temperature dependence reasonably convergent against supercell size. The temperature dependence
of Azz and Q is calculated by both the 127-atom supercell and a 216-atom cubic supercell, as shown in Fig. S1. The
temperature dependence calculated by different supercell is well consistent, supporting that the 127-atom supercell
can derive temperature dependence with reasonable convergence. As the computational cost of the temperature
dependence calculation grows dramatically with the supercell size, we recommend the 127-atom supercell based on
our test results to people who intend to use our method.
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FIG. S1. Convergence test of the temperature dependence of Azz and Q of the 14N nuclear spin in NV centers. The black/blue
and red/green curves represent the temperature drifts of Azz/Q of the 14N atom calculated by the 215-atom rhombohedral
supercell and 127-atom cubic supercell, respectively
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