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ABSTRACT: The manipulation of the charge states of nitrogen-vacancy (NV) centers
in diamond is a prerequisite for next-generation quantum sensing, communication, and
computing. Here, we use phonon-assisted anti-Stokes excitation to realize the reversible
conversion between the NV0 and NV− states. In this case, we observe two decay
processes of NV− centers with lifetimes as long as tens of seconds. By studying the
kinetics of spectral structure evolution of NV− states, we find that the spectral structure of
the NV− center is modulated by the charge state transition process under anti-Stokes
excitation. We propose that the main reason is the local electric field generated by the
ionization of the NV−, which changes the radiation environment of the color centers. Our results might provide an alternative
method to control the charge states of nitrogen-vacancy centers.
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■ INTRODUCTION

The color centers in diamond are potential candidates for next-
generation solid-state quantum devices due to their excellent
optical properties.1−3 Being placed in a spin-free lattice, the
negatively charged nitrogen-vacancy (NV−) center shows the
ultralong room-temperature spin dephasing times ever
observed in solid-state systems.4,5 The detection and
manipulation of NV− centers in diamond have attracted
tremendous interest as they lead to innovative applications in
various domains of high-speed quantum electronic devices,
nanoscale magnetic detection, and temperature sensing.6,7 To
enhance the sensitivity of NV− based quantum devices and the
signal to noise ratio, a high concentration of NV− centers near
the surface of the diamond is required. However, in most cases,
the neutral charge state (NV0) of NV centers is found close to
the diamond surface,8 but it lacks the required spin and optical
properties of NV−. Several methods have been used to solve
this problem. In terms of diamond growth, the current
methods for forming NV− centers in diamond are chemical
vapor deposition (CVD),9 N+ ion implantation,10 detona-
tion,11 and high-pressure high-temperature (HPHT) techni-
ques.12 The CVD process produces large-grain polycrystalline
films where the nitrogen concentration is limited by
thermodynamic solubility and large graphitic content.13

Using the N+ ion implantation technique, Frenkel defects
and sp2-bonded carbon will be formed, which is a challenge for
annealing. Detonation and HPHT processes usually introduce
other impurities and defects,14,15 such as irons. In addition to
controlling the growth process, other methods also have been
studied, including surface hydrogenation or oxidation,16

electric manipulation,17,18 and optical control methods.19 Ab

initio calculation of the energy level structure of NV centers in
bulk single-crystalline diamond reveals the impact of surface
proximity on its complexity.20,21 Specifically, it is found that
typical diamond surfaces contain donor and acceptor states
with sub-bandgap energy, which compromise the photo-
stability of the NV centers by hybridization with the point
defect gap states. This is the fundamental reason for adjusting
the distribution of charge states by surface hydrogenation or
oxidation.16 In addition to the chemical properties of the
diamond surface, the photoluminescence (PL) emission of NV
centers strongly depends on the excitation wavelength.22 The
difference between the NV0 and NV− states is whether to carry
extra electrons. The optical control method provides a
bidirectional switching between NV0 and NV− states of the
diamond. They control the occupation of carriers on the
electronic energy level of the NV color centers by two different
laser excitations.23 In this method, the NV0 state is converted
to the NV− state under the excitation with low-power near-
infrared (1064 nm) and visible (532 nm) lasers, resulting in
increased PL of the NV− state.24 Compared to other methods,
the optical control method is convenient and reversible.
However, few reports have focused on the effect of phonon-

assisted anti-Stokes photoluminescence (ASPL) up-conversion
on the dynamics of NV centers. Compared to Stokes
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excitation, the thermal energy (phonons) contained in
materials is taken away by the emitted anti-Stokes photons
during the ASPL process, so that the ASPL process can achieve
laser cooling of phonons and materials.25−27 The phonon-
assisted anti-Stokes excitation process can effectively suppress
the thermal effect on the electrons and has been extensively
studied in many areas such as cavity quantum electro-
dynamics,28 optical refrigeration,25 and bioimaging.29 Quan-
tum emitters in solids are at the forefront of quantum
information science and quantum sensing owing to their
robustness, ease of handling, and prospects for scalability.30

However, a notable majority of these emitters exhibit spectral
diffusion due to local, fluctuating electromagnetic fields, which
hinder their applicability in practical applications.31 The energy
instability is detrimental to the coherence of the emitted
photons, and, thus, to the quality of two- or multiphoton
entanglement.32 Approaches toward mitigating this undesired
phenomenon include improving the purity of the host
materials to minimize foreign defect sites,33 changing the
defect symmetry,34 depleting the noise sources,35 or employing
active energy stabilization strategies to induce a dynamic Stark
shift via external electric fields.36 Recently, Tran et al.37

demonstrated efficient anti-Stokes excitation of color centers in
hexagonal boron nitride and found that this process suppressed
the spectral diffusion of quantum emitters. Also, Wang et al.38

reported that the coherent control of solid-state spin bits in
SiC under anti-Stokes excitation, which has higher optically
detected magnetic resonance (ODMR) contrast than that
under Stokes excitation, implying that anti-Stokes excitation is
expected to provide more promising properties for defect
centers. Therefore, it is of great significance to study the anti-
Stokes excitation during the charge state conversion process of
NV centers in diamond for the application of the color center
in solid-state single-photon sources.
In this work, we realize the reversible manipulation of the

charge states of the NV center by using phonon-assisted anti-

Stokes excitation. We observe two decay processes of the NV−

center by investigating the ASPL dynamics of the NV− center.
Furthermore, we find that the spectral structure of the NV−

center could be modulated by the charge state conversion
process under anti-Stokes excitation.

■ RESULTS AND DISCUSSION

The charge dynamics of NV states under optical excitation can
be understood with the aid of energy diagrams in Figure 1a,b:
by absorbing one photon with energy greater than 2.6 eV (i.e.,
477 nm) or two photons with energy greater than 1.946 eV
(i.e., 637 nm) in succession, the electron of the negatively
charged NV− is excited to the conduction band, so that NV− is
ionized into NV0.39 In the mechanism of two-photon
successive absorption, the first photon pumps NV− to its
first excited state, and the second photon excites the electron
into the conduction band. Similarly, NV0 can be photo-
converted back to NV− either via a single-photon absorption
(for energies >2.94 eV (422 nm)) or by a two-step process
involving pushing the hole into the excited state by absorption
of a photon with energy >2.156 eV (i.e., 575 nm), and exciting
the hole to the valence band by second photon. Note that with
the above constraints, red (632 nm) laser illumination mostly
results in a unidirectional charge conversion process, i.e., from
NV− into NV0, while the reverse process is mostly suppressed.
By contrast, green (532 nm) laser excitation dynamically
modulates the NV state between negative and neutral charged
states. At this wavelength, the population of equilibrium NV−

is approximately 75%.39 However, in addition to using photons
to achieve a closed-loop, the phonon is also expected to
achieve the reversible conversion between NV0 and NV−.
When excited by a 594 nm (2.087 eV) laser, the phonon-
assisted ASPL up-conversion happens because of the thermal
occupation of phonons in the electronic ground state. In other
words, the neutral charge state NV0 could absorb a photon and
phonons and then transform from the ground state into the

Figure 1. The transition process of nitrogen-vacancy centers (NVs) under different excitation lasers. (a) Simplified electronic energy schemes of
the NVs. (b) The charge conversion process. Schematic representation of the absorption spectra of NV− (blue) and NV0 (red). Phonon-assisted
up-conversion of NV0 excited by a 594 nm laser corresponds to the joint absorption of both charge states, where continuous charge switching and,
therefore, efficient NV luminescence are possible. (c) PL and ASPL of NV centers in diamond. The sharp Raman peak at 1332 cm−1 is labeled in
asterisks. PL spectra of NV centers excited at 442, 532, and 594 nm. The ASPL of NV0 (575 nm) excited at 594 nm is shown in the inset for clarity.
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excited state. Thus, the laser wavelength at 594 nm is within
the combined absorption range of the two charged states,
allowing continuous charge switching and effective NV−

luminescence. When both excited states of NV color centers
appear at the center of the laser spot, the PL of NV0 and NV−

can be observed simultaneously. The Stokes PL and ASPL
spectra of NV centers excited by 442, 532, and 594 nm lasers
were measured at room temperature. As shown in Figure 1c,
several optical peaks are observed. The very sharp Raman peak
at 1332 cm−1 (labeled as asterisks) comes from a zone-center
optical phonon in diamond, which means good crystalline
quality. The peak at around 737 nm is the zero phonon lines
(ZPL) of SiV− centers.40 The peaks at 575 and 637 nm are the
ZPL of the neutral charge state (NV0) and negative charge
state (NV−), respectively.41 As we expected, we simultaneously
observed the PL of NV0 and NV− under excitation of 532 and
594 nm, while only PL of NV0 was observed under the
excitation condition of 442 nm.
To assess the effect of phonons on charge conversion, it is

necessary to confirm whether the process originates from
phonon assistance. Similar to ASPL up-conversion of the SiV−

color centers,26 the anti-Stokes PL in NV color centers caused
by phonon-assisted up-conversion and two-photon absorption
mechanism exhibit completely different phenomena with
temperature changes.25 ASPL efficiency depends on the
average phonon population and external quantum efficiency.
The average phonon population increases exponentially with
temperature, while the external quantum efficiency is almost

unchanged at low temperatures and decreases at higher
temperatures because of the enhancement of nonradiative
recombination.42 However, the two-photon absorption fluo-
rescence up-conversion is mainly affected by the external
quantum efficiency, so it should be easier to observe at low
temperatures. Therefore, we measured the temperature-
dependent PL spectra under 594 nm excitation. During the
measurements, we observed that the luminescence intensity of
the negative charge state NV− decays with time. Thus, we
measured the spectra under the steady state after continuous
illumination for 300 s. Figure 2a shows the PL spectra at
different temperatures. Here, the energy of the laser is 2.087 eV
(<2.516 eV), which cannot support the abovementioned two-
photon absorption from NV0 to NV−. Thus, the ASPL or two-
photon absorption occurs in the process from the ground state
to the excited state of NV0.
For clarity, the ZPL of NV0 and NV− is magnified in Figure

2b,c. The PL spectra at different temperatures were normalized
by the Raman peak of the diamond (1332 cm−1) because it is
not sensitive to temperature.43 We extracted the PL intensity
of NV0 and NV− from the temperature-dependent PL spectra
under different excitation powers as shown in Figure 2d,e. The
luminescence of the neutral charge state NV0 (575 nm) could
be observed above 80 K, and it rises rapidly with the increase
of temperature, which is consistent with the trend of APSL.26

When the temperature rises to 240 K, the external quantum
efficiency significantly decreases while the increase of the up-
conversion efficiency is caused by the increases in the average

Figure 2. Temperature and laser power dependence of NV0 and NV− emissions. (a) PL spectra excited by a 594 nm laser with a power of 0.6 mW
at different temperatures. (b, c) Magnification of ZPL of NV0 and NV− as a function of temperature, respectively. (d, e) Temperature dependences
of the total intensity for NV0 and NV− excited by 594 nm with different powers, respectively. (f, g) Power dependence of PL intensities for NV0 and
NV− at different temperatures, respectively.
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population of phonon, so the ASPL intensity starts to deviate
from the exponential function above 240 K.42 Based on this
phenomenon, we can initially confirm that the process is
phonon-assisted ASPL up-conversion rather than two-photon
absorption.
We observed three processes for NV− in which the intensity

decreases slightly first, rises to the maximum, and decreases in
the end in Figure 2e. In the range between 4 and 80 K, the
mean number of phonons is too low for the phonon-assisted
up-conversion process of NV0 to occur, and only a unidirec-
tional process of NV− to NV0 occurs. When the temperature
rises to 80 K, the phonon-assisted ASPL up-conversion process
of NV0 satisfies the closed-loop condition in Figure 1b. The
total NV states including NV0 and NV− at the center of the
laser spot establish a new balance like 532 nm excitation.
Under closed-loop conditions, the NV color center tends to
remain in a negatively charged state,22 so the PL intensity
continues to increase. When the temperature reaches 200 K,
the external quantum efficiency is significantly reduced,
resulting in the intensity decline.42 Therefore, we confirm
that this is due to the phonon-assisted ASPL up-conversion
that satisfies the closed-loop condition, resulting in abnormal
behavior for NV−. The thermal activation during the heating
process may affect the conversion process of the charge state,
but the concentration of shallow-level impurities in the samples
grown by MPCVD is relatively low. Even at room temperature,

the electron occupation of the conduction band is very little;
thus, the thermal activation of carriers is ignorable in our
experiments. When pumping on the sideband, a nonlinear
stimulated emission process may occur.44,45 Considering the
limitation of the relatively low-power laser we used, the
stimulated emission process can be ignored in our experiments.
Limited by the excitation wavelength, we only show the
experiments under 594 nm. The phonon-assisted ASPL
intensity follows the phonon population function (eΔE/kBT −
1)−1, where ΔE is up-conversion energy defined as the energy
difference between the luminescence of NV0 and the pump
laser. Rigorous experiments require the determination of
phonon sidebands by absorption or photoluminescence
excitation spectroscopy. Theoretically, as the red-detuning
energy between the excitation light and the zero phonon line
increases, the probability of phonon-assisted up-conversion
decreases exponentially. When the loop is broken, we can only
observe the PL decay process of the NV−.
In addition to PL intensity, we also observe an abnormal

behavior in the power dependence of NV− in Figure 2g. At low
temperatures, the saturation phenomenon appears, and as the
temperature increases, it gradually changes to a linear
dependence on the laser power. We believe that the transition
from NV− to NV0 at the center of the laser spot is a
unidirectional charge conversion process at low temperature,46

which causes a significant reduction of the concentration of

Figure 3. Charge state transition of NV color centers at different temperatures. (a) Schematic diagram of the laser spot on the surface. The green
and red balls represent the NVs in the negative and neutral charge states, respectively. The area within the dotted line represents the central area of
the light spot. (b) The decay process of the NV− color centers’ PL with time at 4 K excited by the 594 nm laser. The inset shows the PL spectrum
at 4 K. The lasers were switched alternately during the measurement process. Leaving the sample without optical irradiation for several minutes will
not change the level of PL intensity. (c) NV− PL decay process with time at different temperatures. The sampling interval is about 1.5 s. The black
dots and red solid plots represent the experimental data and the double exponential decay fitting curves, respectively. (d) Temperature dependence
of decay parameters Ta and Tb.
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NV− in the center of the laser spot so that excitation saturation
is likely to occur under high-power excitation. As the
temperature increases, the phonon-assisted up-conversion
excitation satisfies the closed-loop process in Figure 1b. A
new balance between NV0 and NV− would be established in
the center of the laser spot, and the concentration of NV−

increases continuously with the up-conversion process, and
then the linear power dependence appears. The PL spectra of
NV0 show a linear power dependence from 80 to 293 K in
Figure 2f, which agrees with the power dependence of ASPL in
the phonon-assisted up-conversion process. Therefore, we
believe that in the case of relatively high temperatures (above
80 K), NV color centers in the center of the laser spot are in
equilibrium.
The PL mechanism of NV0 at 594 nm excitation has been

confirmed that it comes from the phonon-assisted up-
conversion process. Next, we discuss the mechanism of the
decay dynamics of NV emissions. The PL spectra of the NV
color centers excited by the 594 nm laser at 4 K are shown in
the inset of Figure 3b. No PL from NV0 (575 nm) was
observed at low temperatures because of no absorption of NV0

at this wavelength. During the measurement, the PL intensity
of NV− decays on a timescale of tens of seconds and finally
reaches a balance with stable intensity. The laser is alternately
turned on and off during the decay process to confirm whether
the charge state transition at low temperature is a unidirec-
tional process or not. The fluorescence of NV− centers do not
recover, which means that at low temperatures, the transition
from NV− to NV0 is a unidirectional process. The NV− at the
center of the laser spot quickly releases excess electrons at the
moment of excitation and converts to NV0 as shown in Figure
3a. Finally, almost all the NVs are in the neutral charge state in
the center of the laser spot. In the previous report, it is found
that the “ionization” may include two processes.46 They
observe a biexponential evolution featuring a much faster
charge conversion at early times followed by a much slower,
asymptotic transformation toward an equilibrium charge
concentration. The earlier rapid decay process corresponds
to the ionization process of the NV− color center, while the
longer-time response is connected to the saturation of available
charge traps within the probed volume.46 The ionization
process is rapid (10−100 ms), mainly depending on the

excitation power,19 while the slower process is about 0.1−0.5 s,
mainly determined by the surrounding defect density. In our
experiment, the decay process has clear temperature depend-
ence, as shown in Figure 3c. As the temperature increases, the
decay process gradually disappears. Due to the lower time
resolution, we cannot analyze the fast ionization process. We
found that a double exponential function is needed to fit the
decay process. Here, we use Ta and Tb to characterize the
supersaturated filling effect of the defect and the free electron
diffusion process. The temperature dependence is shown in the
inset of Figure 3d. As the temperature increases, both Ta and
Tb show decreasing trends. It is not clear what process these
two parameters exactly represent in the current study, but we
can tentatively propose that the supersaturated filling effect of
the defect is related to the unbalanced local charge
environment at the center of the laser spot.46 The trapping
of carriers is determined by the available traps around. When
the available charge traps are filled, the carriers need to spread
out further to be captured. As the temperature increases, the
supersaturated filling effect of the defects weakens, and the
trapping process of other impurity defects accelerates, resulting
in a smaller Ta. The NV

− defects in the center of the laser spot
quickly switch into the dark state, but the conversion speed of
the part outside the laser spot is relatively slow, so the NV−

states outside the excitation volume will not lose excess
electrons. As the temperature increases, the charge state
conversion loop is closed, which leads to the balance of the
local charge environment of the defect state, and reduces the
influence caused by the local electric field. Therefore, Tb may
be related to the electron diffusion process. By comparing the
PL changes of NV− under the anti-Stokes excitation (594 nm)
and the Stokes excitation (532 nm), as shown in Figure S2, we
find that the ZPL of NV− does not decay over time under
Stokes excitation (532 nm). This is consistent with a previous
report22 where the PL of NV− under 532 nm excitation is also
stable. Therefore, it can be confirmed that this phenomenon is
only related to the NV charge state transition under anti-
Stokes excitation.
In the experiments, we focus on the PL spectra of the two

charge states (NV0 and NV−). However, the other forms of
nitrogen impurities in the sample may affect our experimental
results. The previous reports41 have studied the effect of defect

Figure 4. Evolution of the fluorescence spectrum of the NV− color centers in the decay process. (a) The decay process of the intensity of the NV−

color centers at 4 K. The defect concentrations are 1 ppm (Element Six) and 100 ppm (MPCVD). (b) The spectra diffusion in the decay process.
“Time X” represents different time points in (a); more details are revealed in Figure S6. (c) The energy level structure of the NV− color center in
the decay process. The rapid ionization process induces the local electric field at the center of the spot, which affects the transition environment of
the NV color centers.
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concentration on the dynamics of the charge state conversion.
In the process of charge state conversion, other types of defects
affect the rate of charge state conversion as an external
environment but do not directly participate in the process of
charge state conversion. To check the generality of this
phenomenon, we have performed similar experimental
measurements on other two single crystal diamonds, one
grown by MPCVD and the other purchased from Element Six.
Figures S3 and S4 show the measurement results of three
different positions on the Element Six sample and MPCVD
sample, respectively. We can observe similar decay processes of
PL in both samples. Here, Figure 4a shows the process of PL
decay in both samples with different defect concentrations.
The defect concentration of the sample from Element Six is
much lower than that in the MPCVD sample. By fitting the
decay process, we can confirm that the decay time for the
MPCVD sample is much shorter. This is consistent with our
previous analysis of the charge state conversion mechanism in
which the defect concentration only affects the rate of
ionization.
In the experiment, another interesting phenomenon was

observed as shown in Figure 4b. In addition to the attenuation
of the intensity, the spectra diffusion appears simultaneously. It
can be inferred that the transition environment of NV− has
changed during the decay process. Figure 4c shows the fine
structures of the NV− energy level. The NV defect in the
diamond comprises a nitrogen atom at a lattice site next to a
carbon vacancy giving a center with C3v symmetry. The center
has an optically allowed transition between an orbital 3A2
ground state and an orbital 3E excited state.19 Both the ground
and excited states are spin triplets (S = 1). Its fine structure has
been studied theoretically in detail.47 Incorporating the strain
effect and the spin interaction results in a complex excited
state.
In our experiment, with the establishment of the equilibrium

state at the laser spot center, spectral diffusion appears. When
the laser is on, the ionization of negative charge state NV− in
the center of the spot loses electrons, resulting in a charge
gradient in the center of the spot and outside the spot, thereby
generating a local electric field. With the balance of charge
states, the local electric field disappears. Similar spectral
behavior has been previously observed for color centers in h-
BN and has been tentatively attributed to the photoconversion
process.37 They believe that this is a complex optical excitation
dynamic and speculate that the spectral diffusion may result
from slowly fluctuating, trapped carrier-induced Stark shifts or
one-directional photoconversion changes. There are three
possible mechanisms, including charge state distribution
changes, the population change of adjacent charge traps, or
reversible photoconversion processes. In our experiment, we
simultaneously observed the spectral diffusion and the
emission changes from the different charge states. Under
anti-Stokes excitation, the charge state transition is a
unidirectional process. The negative charge state NV− loses
electrons and transforms into the neutral charge state NV0,
accompanied by free electrons being trapped by the
surrounding traps. Under Stokes excitation, the charge state
transition is a reversible process, which contains ionization and
recombination. We believe that these three mechanisms may
exist simultaneously in the charge state transition process of
the NV centers. In comparison, population/depopulation of a
charge trap adjacent to the emitter is the most reported across
several different quantum systems hosted in wide-bandgap

solids.35,48,49 Random cycling of local electric fields results in
large shifts of the ZPL of the emitter through the Stark shift
effect. In Figure S5, we show more measurement results of the
low-concentration sample (Element Six) and high-concen-
tration sample (MPCVD). For the reason of inhomogeneous
spectral diffusion, we believe that at different regions in the
spot, the direction of the electric field will be different
concerning the crystallographic axis, which results in
inhomogeneity. In Figure S6, we show the PL linewidth
under Stokes and anti-Stokes excitation at different temper-
atures. We found that the linewidth under anti-Stokes
excitation is smaller than that under Stokes excitation from
80 to 250 K. When the phonon-assisted up-conversion process
works, it affects the luminescence process of the color center.
However, we think that the process is quite complicated,
especially the sample differences. In high-concentration
diamond samples, the residual stress is stronger, and the
evolution of the spectrum has a certain degree of dependence
on the position, which is more complicated and requires more
research.

■ CONCLUSIONS

Here, we report an alternative method to manipulate the
reversible conversion between the NV0 and NV− in diamond
by using phonon-assisted up-conversion excitation. We
demonstrate the phonon-assisted PL up-conversion process
from the NV0 center in diamond by studying the temperature
and laser power dependence from NV centers. As the
temperature increases, the ASPL process of NV0 becomes
stronger, and an abnormally enhanced PL from the NV−

charge state is observed. Also, we observe a fluorescence
decay process up to tens of seconds, accompanied by spectral
diffusion. We propose that this anomalous behavior is due to
the phonon-assisted excitation of the NV0 color center, which
completes the transition from the ground state to the excited
state and establishes a new equilibrium of charge states. For the
slow evolution of the PL spectra, we believe that it may
originate from the local electric field generated by the
ionization of the NV−, which tunes the excited states. Color
centers in wide-bandgap semiconductors are generally used in
quantum information processing, quantum sensing, and
quantum networks due to their excellent optical properties
and long spin coherence time. A specific charge state needs to
be selected for different application environments, and the
manipulation of the charge state is a major issue that must be
solved. We believe that this method not only is suitable for NV
centers in diamond50 but also could be used in other defects in
diamond and even defects in other systems such as SiC.51−53

In addition, the demonstrated phonon-assisted up-conversion
of NV centers also provides a possibility to achieve the laser
cooling of the diamond.54

■ EXPERIMENTAL METHODS

Sample Preparation. The diamond sample was homo-
epitaxially grown on a high-pressure and high-temperature Ib
diamond substrate by microwave plasma-enhanced chemical
vapor deposition. The detailed growth process has been
depicted elsewhere.26 Briefly, the precursors used for the
growth of the diamond were CH4 and H2. The pressure in the
growth chamber was nearly 330 mbar, and the substrate
temperature was nearly 950 °C. After growth, the CVD
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diamond sample was removed from the substrate by laser
cutting and then used for optical measurements.
Optical Measurements. Stokes PL and ASPL measure-

ments on diamond samples were undertaken in backscattering
geometry with a Jobin-Yvon HR800 system equipped with a
liquid nitrogen-cooled charge-coupled detector. The ASPL
measurements were undertaken with a 100× objective lens
(NA = 0.9) and 600 line mm−1 grating at room temperature,
while a 50× long-working-distance objective lens (NA = 0.5)
was used at low temperature. A Montana cryostat system was
employed to cool the samples down to 4 from 300 K with a
vacuum of 0.4 mTorr. The Stokes and anti-Stokes processes
were excited by 594 and 532 nm lasers, respectively. During
the experiment, the spectra change slowly with time, and we
used time-based spectral scanning to measure until the charge
state was balanced. In Figure S1 of the Supporting
Information, we show how to obtain the intensity of ZPL
and total PL spectra of the NV centers.
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