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ABSTRACT: Spin qubits associated with color centers are promising platforms for various
quantum technologies. However, to be deployed in robust quantum devices, the variations of their
intrinsic properties with the external conditions, in particular temperature and strain, should be
known with high precision. Unfortunately, a predictive theory on the temperature dependence of
the resonance frequency of electron and nuclear spin defects in solids remains lacking. In this
work, we develop a first-principles method for the temperature dependence of the zero-field
splitting, hyperfine interaction, and nuclear quadrupole interaction of color centers. As a testbed,
we compare our ab initio calculations with experiments for the nitrogen-vacancy (NV−) center in
diamond, finding good agreements. We identify the major origin of the temperature dependence as
a second-order effect of dynamic phonon vibrations, instead of the thermal-expansion strain. The
method can be applied to different color centers and provides a theoretical tool for designing high-precision quantum sensors.

Color centers, the fluorescent lattice defects in insulators,
have been intensively studied as solid-state qubits for

quantum computing,1,2 quantum communication,3,4 and
quantum sensing.5,6 The temperature (and strain) dependence
of the spin defect properties is a critical factor in their
performance: their spatiotemporal fluctuations in the crystal
host would result in degraded coherence times, while the
sensitivity of the defects to their small variations can be
exploited in quantum sensing.5 A predictive theoretical model
accompanied by a robust computational protocol would be
invaluable in both mitigating deleterious effects and selecting
the best host/defect combinations for quantum sensing. Here,
we developed a first-principles method for predicting the
temperature dependence of optical, electronic, and nuclear
spin-transition frequencies. We benchmark our calculations
using the properties of the nitrogen-vacancy (NV−) center in
diamond. Our first-principles calculations achieve excellent
agreement with the temperature dependence of the NV− zero
phonon line (ZPL), zero-field splitting (ZFS), hyperfine
interaction, and nuclear quadrupole interaction. Crucially, we
find that the dominant part of the temperature dependence is
from a second-order dynamical phonon effect. Our method
paves the way for computation-assisted design of novel
quantum sensors using color centers in solids.

We select the NV− center as our testbed, since it has been
accurately characterized in experiments for its applications to
quantum sensing of magnetic fields,7−9 electric fields,10

temperature,11,12 pressure,13,14 and rotation.15,16 While the
temperature dependence of the NV− electronic spin resonance
frequency17 has been exploited to probe the local temperature
with ultrahigh spatial resolution in nanothermometry devi-
ces,18−25 it is also detrimental to some quantum devices, since
its fluctuations can lead to decoherence.26

Despite extensive experimental study on the temperature
dependence of both electronic and nuclear spin frequen-
cies,27−32 a predictive theoretical method is still lacking. The
temperature dependence has been previously attributed to the
thermal-expansion strain, but the calculated temperature shifts
are far smaller in absolute magnitude than the experimental
values27,31−33 (approximately by an order of magnitude). This
discrepancy indicates that other effects dominate the temper-
ature dependence. Various explanations have being proposed
for such a discrepancy. Doherty et al. proposed that the
dynamical phonon effect might play an important role in the
temperature dependence of the ZFS.17 However, in the
absence of a method to evaluate the dynamical phonon effect
from first-principles, its contribution to the temperature
dependence could not be unambiguously determined. To
overcome these challenges, here we develop a theoretical
model of the defect transition energy ν dependence on the
temperature-induced atomic displacement up to the second
order. We combine a full calculation of the phonon spectrum
including density functional perturbation theory (DFPT)34

with density functional theory (DFT) calculation of the spin-
transition energies with the supercell method.35

Given an electron−nuclear spin system, such as the NV−

center, we aim at calculating the temperature-induced shift of a
transition frequency ν between any two levels that can be

Received: February 2, 2023
Accepted: March 22, 2023
Published: March 28, 2023

Letterpubs.acs.org/JPCL

© 2023 American Chemical Society
3266

https://doi.org/10.1021/acs.jpclett.3c00314
J. Phys. Chem. Lett. 2023, 14, 3266−3273

D
ow

nl
oa

de
d 

vi
a 

M
A

SS
A

C
H

U
SE

T
T

S 
IN

ST
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
A

pr
il 

5,
 2

02
3 

at
 2

2:
55

:1
2 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hao+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ariel+Rebekah+Barr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guoqing+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paola+Cappellaro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ju+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.3c00314&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00314?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00314?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00314?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00314?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00314?fig=tgr1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c00314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf


probed experimentally (e.g., by Rabi experiments.) The shift in
ν arises from the temperature-induced atomic displacement, as
the thermal excitation 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
energy surfaces of the two levels as a function of atomic
coordinates, as shown in Figure 1(a). Expressing the atomic

configuration by the normal coordinates of phonon modes
{qi}, the transition frequency is then a function of ({qi}):
ν({qi}) ≡ [E2({qi}) − E1({qi})]/h (E1 and E2 are the energy
level 1 and energy level 2, respectively). At finite temperature,
{qi} has both thermal and quantum fluctuations. As all electron
and nuclear spin-transition frequencies (zero-field splitting D,
hyperfine interaction A, and nuclear quadrupole interaction Q)
are at least 3 orders of magnitude smaller than the typical
phonon frequency,36 the measured ν is a statistical average
over the phonon mode distribution:
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The first-order term represents the change of atomic
equilibrium 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 quasiharmonic approximation37 as a static
lattice expansion effect. The temperature-dependent lattice
parameter a(T) of nitrogen-rich diamond is obtained from the
previous experiments,38 and ν(a) is calculated for different a at
the equilibrium atomic configuration. The thermal-expansion
contribution to the spectral drift is then:

=
=T a

a T T( ) ( )
a a Tquasiharmonic ( ) (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
excitations at finite temperature. The second-order term is
evaluated by the dependence of the spin-transition energy ν on
the phonon occupation number ni = 0, 1, 2... (i is the
vibrational mode index), which affects ⟨qi

2⟩ in eq 1.
By evaluating ⟨qi

2⟩ for a quantum harmonic oscillator
(harmonic phonon theory) at thermal equilibrium,
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where Mi is the mode-specific effective mass (conjugate to the
qi definition) in real-space harmonic lattice dynamics
expansion. Here we already included the “first-order”
thermal-expansion term in eqs 1 and 2 by taking ν0 not at
the zero-temperature lattice constant a0 but at finite-temper-
ature lattice parameter ν0 = ν0(a(T)). We notice that the
dynamical phonon effect contributes a finite zero-point
vibration term to the spin-transition frequency even at zero
temperature.

We can gain additional physical intuition of this result by
considering the Franck−Condon discussions39 and graphically
analyzing the expected frequency shift, as shown in Figure
1(a). We consider two spin energy levels within vibrational
energy levels (ni = 0, 1, 2,...) associated with orthogonal
vibrational wave functions of the ions. Suppose the upper
energy surface (red, associated with the higher spin energy)
has a slightly softer phonon frequency, which is true on average
for the NV− center. Therefore, the spin-transition energy ν
decreases as the phonon number ni

red = ni
blue = n increases.

Although the typical radio frequency and microwave (MHz to
GHz) spin control cannot induce direct transitions between
different phonon levels ni (∼THz), these vibration energy
levels still affect the average spin-transition frequencies by
inducing relatively small shifts in total energy +( )ni i

1
2

,
where Δωi = ωi

red − ωi
blue 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
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As Δωi ≪ ωi ≡ (ωi
red + ωi

blue)/2, the expression can be
evaluated by the second-order derivative of the spin-transition
energy (vertical distance between red and blue) to the normal-

mode coordinates =i M q2
(2 )

i i i

2

2 , where 2πℏν = Ered −

Eblue is the difference in red and blue potential energy surfaces,

Figure 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 represent carbon and nitrogen
atoms, respectively. (c) The energy levels of NV− centers.
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and we have used the fundamental relation of harmonic
oscillators for each phonon mode:
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Thus, this independent derivation from (4) gives
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which is identical to eq 3.
The zero-phonon line (ZPL), unlike the spin-transition

energies D, A, and Q, will have much larger transition energy/
frequency than the vibrational frequency. For ZPL, there is also
no vibrational transition (direct mixing with first-order ℏωi), as
this is the “zero-phonon” vibronic transition. But the second-
order phonon-frequency softening argument due to nblue = n →
nred = n in Figure 1(a) still holds, and therefore, the eq 6
derivation is still valid as well as eq 3. The absolute transition
rate can be computed through total vibronic wave function
overlap (joint electronic-vibrational wave function overlap
between the red and blue)39.

Thus, the temperature-dependent frequency due to the
dynamic-harmonic-phonon effect is given by eq 3, which is the
form we will adopt for the numerical computations in this
paper. At first, a full phonon calculation is implemented
through the phonopy package40 combined with DFPT
implemented in Vienna ab initio simulation package
(VASP)41,42 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:

= [ + ] +
q q

q q q1
( ) ( ) 2 (0) ( )

i i
i i i

2

2 2
2

(7)

where ν(qi) is calculated by exerting a small displacement of
δqi relative to the relaxed atomic configuration in the DFT
calculations (see Supporting Information (SI) for details43).

We simulate the NV− center in diamond by a 4 × 4 × 4
rhombohedral supercell with the single defect at the center.
First, we calculate the zero-temperature electronic structures of
the NV− center for the fully relaxed atomic configuration
(Figure 1b). The electronic structure calculation employs the
DFT and projector-augmented-wave (PAW) method imple-
mented 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 Figure 1(c). The spin state
splittings originate from three types of interaction: the
electron−electron magnetic dipolar interaction D, the hyper-
fine interaction A, and the nuclear quadrupole interaction Q:44

= · · + · · + · ·D A QH S S S I I I (8)

D, A, and Q are calculated by the first-order perturbation
theory to the DFT ground state33,45−48 (see SI43 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 to36

= + +H DS QI A S Iz z zz z z
2 2

(9)

where =D D3
2 zz and =Q Q3

2 zz (magnetic field coupling terms
are not included). The temperature variations of D, Q, and Azz

are then calculated by relating them to transitions ν between
two selected spin states (illustrated in Figure 1c). Similarly, the
ZPL’s temperature dependence is calculated by eq 4 using the
ΔSCF method45,49,50 (see SI43 for details).

Applying our method to electronic transition, we calculate
the temperature dependence of the ZPL and ZFS (Figure 2).

The “first-order” thermal-expansion effect is, as found in
previous computational work,27,33 far smaller than the
experimental results for the measured temperature drifts.
This is not surprising, since the quasiharmonic “first-order” is
physically a “cubic-order” Grüneisen parameter × “first-order”
effect. Including the second-order dynamical phonon effects
corrects the discrepancy. The overall simulation results
(summation of the first- and second-order) for both quantities
are now consistent with prior experimental results. The
calculated temperature derivative dD

dT
at room temperature is

−75.99 kHz/K, consistent with the widely used experimental
value of −74.27 kHz/K.27 Different from ref 17, where the
dynamical phonon effect is fitted by experiment, we evaluate
the effect in a parameter-free manner from first-principles
calculations. Our result indicates that the main mechanism of
the temperature dependence of the ZPL and ZFS is the
dynamical phonon effect, with a much smaller contribution
from the thermal-expansion strain, at least near room
temperature. The temperature shift of the ZFS in NV− centers
provides promising prospects for nanothermometry, where the
magnitude of dD

dT
is crucial for its temperature sensitivity.6 Our

method provides a predictive tool to search for different color
centers for optimal temperature sensitivity.

We notice that the method we used to calculate the ZFS
(developed in ref 33) does not take an exact estimation to the
contribution of the electron wave functions in the atomic core
regions. The method also involves errors from the spin
contamination issue.52 Despite this, as the core contribution is
estimated to be less than 5%33 and the predicted response of
the ZFS to external perturbations is reasonably consistent with

Figure 2. (a) The ZPL and (b) ZFS from simulation and experiment.
The blue and red dashed lines represent the first-order (thermal
expansion) and second-order (dynamical phonon) effects, respec-
tively. The black line is the total shift from simulation, and the green
dots are experimental data points from refs 17 and 31. The well-
known first-order effect in (b) is obtained from ref 17.
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experiments in both previous work and our work, we expect
the method can approximately output the temperature
dependence of the ZFS.

We then calculate the temperature dependence of the
nuclear spin interaction. The temperature dependence of 14N-
related nuclear spin transition is shown in Figures 3(a,b). Both
Azz and Q are negative quantities, and their absolute values
decrease with increasing temperature, 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 1
order of magnitude larger than the thermal-expansion effects,
so it corrects both the trend and the magnitude, obtaining dQ

dT

and dA
dT

zz in good agreement with the previous experi-

ments.17,28,29,51

Azz is much more sensitive to T than Q. The sensitivity of
Azz mainly comes from the Fermi contact term, which is highly
sensitive to the atomic displacement in the dynamical 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 > 1dA
dQ

zz , the coherence time of

nuclear spin qubits can be robustly protected by at least 1

Figure 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 the thermal-expansion effect, the second-order vibration effect, and their summation, respectively. The
insets are the derivative of Q and Azz results, where the green dots are experimental data obtained from refs 17, 28, 29, and 51. (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 10, where Gaussian broadening is
applied to the δ(ω − ωi) for each phonon mode with a width of 2 THz.

Figure 4. Hyperfine interaction Azz with 13C nuclear spin from simulation. (a) Illustration of the three groups of identical nuclear spins with the
strongest hyperfine interaction. (b) Azz for different 13C nuclear spins around the NV− center plotted against the distance d between the 13C site
and the NV− center. (c) Temperature shifts of different components of the hyperfine tensor A for 13C atoms at different sites. The z-axis orients
from the vacancy site to the 14N site, the x-axis is along the vector between the two C(2) atoms pointed by black arrows (toward the upper one), and
ŷ = z ̂ × x̂. In the label, Aij = 0 means the exact zero by symmetry and Aij ≈ 0 means numerically almost zero.
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order of magnitude through noise decoupling techniques.51

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 transition, dA

dT A
1zz

zz

approaches 8.9 × 10−5 K−1 at room temperature. While the
absolute value of the ZFS shift is much larger, the relative
frequency change ×2.58 10 KdD

dT D
1 5 1 is smaller than for

the hyperfine interaction. Thus, to operate a quantum sensor
based on the nuclear spin, it is imperative to recalibrate the
temperature effects.26 The perpendicular hyperfine interaction
Axx is also important for nuclear spin dynamics,36 whose
temperature dependence is shown in SI section V.

Previous experimental results had observed a strong, but so-
far unexplained, correlation between D(T) and Q(T).29 Our
first-principles results not only confirm such a correlation over
a broad temperature range from 100 to 500 K (Figure 3c) but
also provide approaches to revealing the underlying mecha-
nism of such a correlation. As the dynamical phonon effects are
dominant for all these interactions, we investigate the overlap
behavior by defining the spectral density of the second-order
derivative of ν as

=S
M q

( )
1

( )i

j j

i

j
j
i

2

2
(10)

as shown in the inset of Figure 3(c). The large intensities of SD,
SQ, and SA at around 32−38 THz are attributed to the high
phonon density of states (DOS)53 and large second-order
derivatives in eq 10 at that frequency range. The ratio between
two temperature-induced frequency shifts (second-order) is
then a weighted average between their spectral density:

=
S f T d

S f T d

( ) ( , )/

( ) ( , )/
BE

BE

1

2

1

2
(11)

where f BE is the Bose-Einstein distribution. As the spectral
densities SQ and SD have a similar shape, the ratio ΔQ/ΔD is
relatively insensitive to temperature. In comparison, SA shows a
more striking difference, undermining 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 Figure 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-interaction variations using other correlated interactions
over a broad range of temperatures.51

Beyond accurately reproducing experimental results, we can
predict the hyperfine temperature shift of 13C nuclear spins
around the NV− center, which have been actively investigated
as qubits30,54−57 (Figure 4a). Azz for 13C atoms at different
lattice sites around the NV− centers is shown in Figure 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− center shows a strong hyperfine splitting of 129 MHz,
well consistent with the experimental value of 127 MHz.30

The temperature dependence ΔA(T) of the three groups of
13C lattice sites is shown in Figure 4(c−e). As specifying a
given 13C nuclear spin reduces the C3v symmetry, there are
more independent components of the hyperfine matrix: C(1)

and C(3)’s C1h symmetry gives four independent components
(with two constraints Axy = Axz = 0), and C(2)’s C1 symmetry
allows all six components of A(T) to be independent variables.
The diagonal components of A are positively related to T for
all three groups of lattice sites, exhibiting sensitive temperature
dependence with temperature shifts ranging from 39.3 to 98.5
kHz at 300 K. Previously, experimental work on the
temperature dependence of the 13C hyperfine interaction did
not provide definite results due to the high noise, while a
computational study did not consider the second-order
dynamical phonon effect.30 Our results provide a theoretical
prediction for A(T) of 13C atoms near NV− centers, which
could be measured by the nuclear spin transition.51

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

combination =O r n r( ) ( )i M q i2 i i i

2

2 of the particle number

operators n̂i of ambient phonons, where the 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 route to probe out-of-
equilibrium local atomic vibrations.

Our work provides a general scheme to study the
temperature dependence of transition frequencies of color
centers. An integrated python program that interfaces with
VASP and phonopy is made publicly accessible, which can
carry out the numerical workflow automatically. Besides the
NV− center, various other color centers such as SiV, SnV, PbV,
GeV, and MgV in diamond are also widely studied due to their
potential in quantum sensing and communication.5,58−60

Besides diamond, point defects in silicon,61−63 silicon
carbide,64−66 Y2SiO5,

67 CaWO4 and YVO4
68,69 also attract

broad interests. The temperature dependence data of transition
frequency remains lacking for many of these systems. Applying
our method to these spin defects can establish a database for
temperature-dependent transition frequency of electronic
excitation as well as electron and nuclear spin transitions,
which provides critical information for searching and designing
high-performance quantum devices such as highly sensitive
sensors and long-lived memories. Thus this result paves the
way to perform a systematic study on the energy levels of point
defects targeted for different quantum applications.

Finally, we raise caution that our current codes calculate the
ZFS by evaluating the electron spin−spin dipolar interaction
term. In some other color center systems (for example, SiV−

center in diamond), the spin−orbit coupling is also an
important source of the ZFS.46 Especially, the spin−orbit
coupling is significant in systems with heavy elements like
Y2SiO5. In order to calculate the temperature-dependent ZFS
of these systems, one can incorporate the spin−orbit coupling
calculations into our scheme, which is left to future work.
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Küpper, J.; Lühmann, T.; Akimov, A. V.; Hemmer, P. R. Tin-vacancy

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.3c00314
J. Phys. Chem. Lett. 2023, 14, 3266−3273

3271

https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00314?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c00314/suppl_file/jz3c00314_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c00314/suppl_file/jz3c00314_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paola+Cappellaro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3207-594X
https://orcid.org/0000-0003-3207-594X
mailto:pcappell@mit.edu
mailto:pcappell@mit.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ju+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7841-8058
mailto:liju@mit.edu
mailto:liju@mit.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hao+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ariel+Rebekah+Barr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guoqing+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1822-8121
https://orcid.org/0000-0002-1822-8121
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00314?ref=pdf
https://doi.org/10.1063/5.0007444
https://doi.org/10.1063/5.0007444
https://doi.org/10.1126/science.abb2823
https://doi.org/10.1126/science.abb2823
https://doi.org/10.1126/science.1253512
https://doi.org/10.1126/science.1253512
https://doi.org/10.1103/PhysRevLett.96.070504
https://doi.org/10.1103/PhysRevLett.96.070504
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1146/annurev-physchem-040513-103659
https://doi.org/10.1146/annurev-physchem-040513-103659
https://doi.org/10.1146/annurev-physchem-040513-103659
https://doi.org/10.1038/nphys1075
https://doi.org/10.1038/nphys1075
https://doi.org/10.1038/nature07279
https://doi.org/10.1038/nature07279
https://doi.org/10.1103/RevModPhys.92.015004
https://doi.org/10.1103/RevModPhys.92.015004
https://doi.org/10.1038/nphys1969
https://doi.org/10.1103/PhysRevX.8.011042
https://doi.org/10.1103/PhysRevX.8.011042
https://doi.org/10.1103/PhysRevX.8.011042
https://doi.org/10.1088/1361-6528/ac1fb1
https://doi.org/10.1088/1361-6528/ac1fb1
https://doi.org/10.1103/PhysRevLett.112.047601
https://doi.org/10.1103/PhysRevLett.112.047601
https://doi.org/10.1103/PhysRevApplied.13.024041
https://doi.org/10.1103/PhysRevApplied.13.024041
https://doi.org/10.1103/PhysRevApplied.13.024041
https://doi.org/10.1126/sciadv.abl3840
https://doi.org/10.1126/sciadv.abl3840
https://doi.org/10.1103/PhysRevLett.126.197702
https://doi.org/10.1103/PhysRevLett.126.197702
https://doi.org/10.1103/PhysRevB.90.041201
https://doi.org/10.1103/PhysRevB.90.041201
https://doi.org/10.1021/nl401216y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl401216y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/srep05303
https://doi.org/10.1038/srep05303
https://doi.org/10.1063/1.5037053
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c00314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


in diamonds for luminescent thermometry. Appl. Phys. Lett. 2018,
112, 241902.
(21) Nguyen, C. T.; Evans, R. E.; Sipahigil, A.; Bhaskar, M. K.;

Sukachev, D. D.; Agafonov, V. N.; Davydov, V. A.; Kulikova, L. F.;
Jelezko, F.; Lukin, M. D. All-optical nanoscale thermometry with
silicon-vacancy centers in diamond. Appl. Phys. Lett. 2018, 112,
203102.
(22) Toyli, D. M.; de las Casas, C. F.; Christle, D. J.; Dobrovitski, V.

V.; Awschalom, D. D. Fluorescence thermometry enhanced by the
quantum coherence of single spins in diamond. Proc. Natl. Acad. Sci.
U.S.A. 2013, 110, 8417−8421.
(23) Kucsko, G.; Maurer, P. C.; Yao, N. Y.; Kubo, M.; Noh, H. J.;

Lo, P. K.; Park, H.; Lukin, M. D. Nanometre-scale thermometry in a
living cell. Nature 2013, 500, 54−58.
(24) Plakhotnik, T.; Doherty, M. W.; Cole, J. H.; Chapman, R.;

Manson, N. B. All-optical thermometry and thermal properties of the
optically detected spin resonances of the NV-center in nanodiamond.
Nano Lett. 2014, 14, 4989−4996.
(25) Gottscholl, A.; Diez, M.; Soltamov, V.; Kasper, C.; Sperlich, A.;

Kianinia, M.; Bradac, C.; Aharonovich, I.; Dyakonov, V. Sub-
nanoscale Temperature, Magnetic Field and Pressure sensing with
Spin Centers in 2D hexagonal Boron Nitride. arXiv, 2021.
arXiv:2102.10890[cond-mat.mtrl-sci].
(26) Fang, K.; Acosta, V. M.; Santori, C.; Huang, Z.; Itoh, K. M.;

Watanabe, H.; Shikata, S.; Beausoleil, R. G. High-sensitivity
magnetometry based on quantum beats in diamond nitrogen-vacancy
centers. Phys. Rev. Lett. 2013, 110, 130802.
(27) Acosta, V. M.; Bauch, E.; Ledbetter, M. P.; Waxman, A.;

Bouchard, L.-S.; Budker, D. Temperature dependence of the nitrogen-
vacancy magnetic resonance in diamond. Phys. Rev. Lett. 2010, 104,
070801.
(28) Soshenko, V. V.; Vorobyov, V. V.; Bolshedvorskii, S. V.;

Rubinas, O.; Cojocaru, I.; Kudlatsky, B.; Zeleneev, A. I.; Sorokin, V.
N.; Smolyaninov, A. N.; Akimov, A. V. Temperature drift rate for
nuclear terms of the NV-center ground-state hamiltonian. Phys. Rev. B
2020, 102, 125133.
(29) Jarmola, A.; Fescenko, I.; Acosta, V.; Doherty, M.; Fatemi, F.;

Ivanov, T.; Budker, D.; Malinovsky, V. Robust optical readout and
characterization of nuclear spin transitions in nitrogen-vacancy
ensembles in diamond. Phys. Rev. Res. 2020, 2, 023094.
(30) Barson, M.; Reddy, P.; Yang, S.; Manson, N.; Wrachtrup, J.;

Doherty, M. W. Temperature dependence of the 13C hyperfine
structure of the negatively charged nitrogen-vacancy center in
diamond. Phys. Rev. B 2019, 99, 094101.
(31) Chen, X.-D.; Dong, C.-H.; Sun, F.-W.; Zou, C.-L.; Cui, J.-M.;

Han, Z.-F.; Guo, G.-C. Temperature dependent energy level shifts of
nitrogen-vacancy centers in diamond. Appl. Phys. Lett. 2011, 99,
161903.
(32) Acosta, V. M.; Jarmola, A.; Zipp, L. J.; Ledbetter, M.; Bauch, E.;

Budker, D. Broadband magnetometry by infrared-absorption
detection of diamond NV centers and associated temperature
dependence. Advances in Photonics of Quantum Computing, Memory,
and Communication IV. 2011, 79480W.
(33) Ivády, V.; Simon, T.; Maze, J. R.; Abrikosov, I.; Gali, A.

Pressure and temperature dependence of the zero-field splitting in the
ground state of NV centers in diamond: A first-principles study. Phys.
Rev. B 2014, 90, 235205.
(34) Baroni, S.; Giannozzi, P.; Testa, A. Green’s-function approach

to linear response in solids. Phys. Rev. Lett. 1987, 58, 1861.
(35) Nieminen, R. M. Supercell Methods for Defect Calculations.

Theory of Defects in Semiconductors 2006, 104, 29−68.
(36) Doherty, M.; Dolde, F.; Fedder, H.; Jelezko, F.; Wrachtrup, J.;

Manson, N.; Hollenberg, L. Theory of the ground-state spin of the
NV− center in diamond. Phys. Rev. B 2012, 85, 205203.
(37) Togo, A.; Chaput, L.; Tanaka, I.; Hug, G. First-principles

phonon calculations of thermal expansion in Ti3SiC2, Ti3AlC2, and
Ti3GeC2. Phys. Rev. B 2010, 81, 174301.
(38) Jacobson, P.; Stoupin, S. Thermal expansion coefficient of

diamond in a wide temperature range. DRM 2019, 97, 107469.

(39) Lax, M. The Franck-Condon principle and its application to
crystals. J. Chem. Phys. 1952, 20, 1752−1760.
(40) Togo, A.; Tanaka, I. First principles phonon calculations in

materials science. Scr. Mater. 2015, 108, 1−5.
(41) Kresse, G.; Furthmüller, J. Efficient iterative schemes for ab

initio total-energy calculations using a plane-wave basis set. Phys. Rev.
B 1996, 54, 11169.
(42) Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the

projector augmented-wave method. Phys. Rev. B 1999, 59, 1758.
(43) See the Supporting Information for details.
(44) Doherty, M. W.; Manson, N. B.; Delaney, P.; Jelezko, F.;

Wrachtrup, J.; Hollenberg, L. C. The nitrogen-vacancy colour centre
in diamond. Phys. Rep. 2013, 528, 1−45.
(45) Gali, A.; Fyta, M.; Kaxiras, E. Ab initio supercell calculations on

nitrogen-vacancy center in diamond: Electronic structure and
hyperfine tensors. Phys. Rev. B 2008, 77, 155206.
(46) Vahtras, O.; Loboda, O.; Minaev, B.; Ågren, H.; Ruud, K. Ab

initio calculations of zero-field splitting parameters. Chem. Phys. 2002,
279, 133−142.
(47) Petrilli, H. M.; Blöchl, P. E.; Blaha, P.; Schwarz, K. Electric-

field-gradient calculations using the projector augmented wave
method. Phys. Rev. B 1998, 57, 14690.
(48) Kuate Defo, R.; Kaxiras, E.; Richardson, S. L. Calculating the

hyperfine tensors for group-IV impurity-vacancy centers in diamond
using hybrid density functional theory. Phys. Rev. B 2021, 104,
075158.
(49) Gavnholt, J.; Olsen, T.; Engelund, M.; Schiøtz, J. Δ self-

consistent field method to obtain potential energy surfaces of excited
molecules on surfaces. Phys. Rev. B 2008, 78, 075441.
(50) Gali, A.; Janzén, E.; Deák, P.; Kresse, G.; Kaxiras, E. Theory of

spin-conserving excitation of the N-V− center in diamond. Phys. Rev.
Lett. 2009, 103, 186404.
(51) Wang, G.; Barr, A.; Tang, H.; Chen, M.; Li, C.; Xu, H.; Li, J.;

Cappellaro, P. Characterizing temperature and strain variations with
qubit ensembles for their robust coherence protection. arXiv, 2022;
arXiv:2205.02790[quant-ph].
(52) Montoya, A.; Truong, T. N.; Sarofim, A. F. Spin contamination

in hartree- fock and density functional theory wavefunctions in
modeling of adsorption on graphite. J. Phys. Chem. A 2000, 104,
6108−6110.
(53) Zhang, J.; Wang, C.-Z.; Zhu, Z.; Dobrovitski, V. Vibrational

modes and lattice distortion of a nitrogen-vacancy center in diamond
from first-principles calculations. Phys. Rev. B 2011, 84, 035211.
(54) Maurer, P. C.; Kucsko, G.; Latta, C.; Jiang, L.; Yao, N. Y.;

Bennett, S. D.; Pastawski, F.; Hunger, D.; Chisholm, N.; Markham,
M.; et al. Room-temperature quantum bit memory exceeding one
second. Science 2012, 336, 1283−1286.
(55) Dréau, A.; Spinicelli, P.; Maze, J.; Roch, J.-F.; Jacques, V.

Single-shot readout of multiple nuclear spin qubits in diamond under
ambient conditions. Phys. Rev. Lett. 2013, 110, 060502.
(56) Shim, J.; Niemeyer, I.; Zhang, J.; Suter, D. Room-temperature

high-speed nuclear-spin quantum memory in diamond. Phys. Rev. A
2013, 87, 012301.
(57) Abobeih, M.; Randall, J.; Bradley, C.; Bartling, H.; Bakker, M.;

Degen, M.; Markham, M.; Twitchen, D.; Taminiau, T. Atomic-scale
imaging of a 27-nuclear-spin cluster using a quantum sensor. Nature
2019, 576, 411−415.
(58) Thiering, G.; Gali, A. Ab initio magneto-optical spectrum of

group-IV vacancy color centers in diamond. Phys. Rev. X 2018, 8,
021063.
(59) Lühmann, T.; John, R.; Wunderlich, R.; Meijer, J.; Pezzagna, S.

Coulomb-driven single defect engineering for scalable qubits and spin
sensors in diamond. Nat. Commun. 2019, 10, 4956.
(60) Pershin, A.; Barcza, G.; Legeza, Ö.; Gali, A. Highly tunable
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I. 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 [1, 2]. Spin-unrestricted cal-
culations are implement using the generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE) functional for electron exchange-correlation [3]
in the calculation of atomic relaxation, density func-
tional perturbation theory (DFPT), D, Q, and A matrix.
The k-point mesh is sampled by the Monkhorst-Pack
method [4] 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 con-
verge 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. (3) 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 deriva-
tive according to Eq. (3) in the main text. In Eq. (3), 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 al-
most the same temperature dependence, confirming the
convergence of our results to δqi. We mention that nu-
merically, 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.

II. CALCULATION OF D, Q, AND A

The first term in Eq. (8) in the main text originates
from the electron spin-spin magnetic dipolar interaction

∗ These authors contributed equally.
† pcappell@mit.edu
‡ liju@mit.edu

from the Kohn-Sham orbitals [5]:

Dij =
µ0g

2
eµ

2
B

4π

∑
a<b

χab

〈
Ψab

∣∣∣∣r2δij − 3rirj
r5

∣∣∣∣Ψab

〉
(1)

where µ0, µB, ge are the magnetic constant, Bohr mag-
neton, 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. (8) in the

main text) is a summation of the Fermi contact contri-
bution and dipolar contribution:

Aij =
µ0gegIµBµI

⟨Sz⟩
× [

2

3
δijρs (RI)+

1

4π

∫
ρs (r+RI)

r3
3rirj − δijr

2

r2
dr]

(2)

where gI , µI , and RI are the g-factor, nuclear magne-
ton, and coordinate of nuclear spin, ρs is the electron
spin density from the DFT ground state. In the NV cen-
ter 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 − δijr
2

r5
dr+∑

I′

ZI′
3RII′,iRII′,j − δijR

2
II′

R5
II′

]
(3)

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


(4)
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S2

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. (8) in the main

text is converted to:

ĤD = D[S2
z − 1

3
S(S + 1) +

ϵ

3
(S2

+ + S2
−)] (5)

ĤQ = Q[I2z − 1

3
I(I + 1) +

η

3
(I2+ + I2−)] (6)

ĤA = AzzSzIz +AxxSxIx +AyySyIy (7)

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. (9) in the main text.

III. CALCULATION OF THE
TEMPERATURE-DEPENDENT ZPL

Although the ZPL is not spin-transition, its tempera-
ture dependence can be calculated by the same theoret-
ical 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.

0 1 0 0 2 0 0 3 0 0 4 0 00

1 0

2 0

3 0

4 0

∆ν
 (k

Hz
)

T ( K )

∆A z z ( 2 1 5 - a t o m )
∆A z z ( 1 2 7 - a t o m )
∆Q ( 2 1 5 - a t o m )
∆Q ( 1 2 7 - a t o m )

FIG. 1. 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, respec-
tively

The calculation is implemented through evaluating
Eq. (4) in the main text. At first, we use the ∆ SCF

method [6] to calculate the relaxed atomic structure and
electronic structures of the excited states, where one elec-
tron is placed in a high-lying Kohn-Sham orbital. In the
NV center calculation, this is realized by fixing the elec-
tron occupancy according to the 3E excited state’s a1e

3

molecular orbital configuration as in ref. [7]. For the two
degenerate excited orbitals (ex, ey), we use (1, 0) occu-
pancy for the excited state as the previous works [7, 8].
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 ex-
cited electron in each supercell. The phonon spectral
of the excited states is then calculated, deriving a series
of excited state phonon frequency ωe

i . Combining with
the ground state phonon frequency ωg

i , 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 con-
tribution from ν0(T ) is directly calculated through the
excitation energy calculation under lattice expansion by
the ∆ SCF method.
We notice that calculating the temperature depen-

dence of the ZPL is less computationally expansive than
calculating that of the spin interaction terms. That is be-
cause the atomic vibration frequency difference of the two
electronic states in the ZPL can be directly evaluated by
phonon calculations. In comparison, a scheme to eval-
uate the atomic vibration frequency difference between
two spin states is lacking to our knowledge. Develop-
ing such schemes can potentially benefit the spin-phonon
interaction calculations, which is left to future work.

IV. 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 reason-
ably 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. 1. 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 dra-
matically with the supercell size, we recommend the 127-
atom supercell based on our test results to people who
intend to use our method.

V. TEMPERATURE DEPENDENCE OF
COMPLETE SPIN INTERACTION MATRIX

In addition to the secular terms in Eq. (9) in the main
text, there are also other components of the matrix D,A,
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FIG. 2. (a) Temperature dependence of Axx of the 14N nuclear spin in NV centers. The blue dashed line, red dashed line, and
black line represent the 1st order, 2nd order, and total temperture drift. (b) Fermi contact (denoted as contact), core correction
(denoted as core), and dipolar interaction (denoted as aniso) terms of the 2nd-order hyperfine interaction.

and Q in Eq. (8) in the main text, which are also impor-
tant to characterize the spin dynamics of the system [9].
We include a complete temperature dependence analysis
of these matrix.

We first notice that the temperature effects do not
break the C3v symmetry of the system. Therefore, the
matrix D and A,Q for the 14N nuclear spin still keep the
symmetric form:

ĤD(T ) = D(T )

− 1
3 0 0
0 − 1

3 0
0 0 2

3

 ,

ĤQ(T ) = Q(T )

− 1
3 0 0
0 − 1

3 0
0 0 2

3

 ,

ĤA(T ) =

Axx(T )
0 Axx(T ) 0
0 0 Azz(T )


(8)

Notice that the asymmetry factors η and ϵ in Eq. (5,6)
are zero at both zero temperature and finite tempera-
ture. The only non-secular term that is not reported
in the main text is Axx(T ), the perpendicular hyperfine
interaction (denoted as A⊥ in some literature [9]).

The temperature dependence Axx(T ) is plotted in
Fig. 2a. We plot the symmetrized temperature drift
1
2 (Axx + Ayy), as the calculated Axx(T ) and Ayy(T )
have slight difference due to numerical error. As Azz(T ),
the Axx(T ) have a dominant positive contribution from
the 2nd order effect and a smaller negative contribution
from the 1st order effect. The total temperature drift
∆Axx(T ) is smaller than ∆Azz(T ) in the studied tem-
perature range. As the temperature effect on Axx(T ) has
not been reported by experiments, this data also provides
a prediction.

In Fig. 2b, we plot different contributing terms of the
temperature drift ∆Axx and ∆Azz: the fermi contact
term (the first term in Eq. (2)) and its core correction,
and the dipolar interaction term (the second term in
Eq. (2)).
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