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Multicolor-illuminated charge-state dynamics of the nitrogen-vacancy center in diamond
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Charge-state conversion has been a very useful tool for improving the performance of nitrogen-vacancy (NV)
centers in diamond in many application scenarios. Lasers of different colors are employed to manipulate the
NV charge, ranging from blue to infrared. Here, we focus on the study of the charge-state dynamics under
illumination of multicolors and their combination with infrared (IR) light, and the results are directly presented
in terms of charge-state population. It is shown that each color of light serves some kind of superiority over
others in charge-state conversion and a greatly improved conversion rate can be induced by the additional
IR illumination. We report that the steady-state NV~ population is increased up to 82% by IR light, and it
presents basically the same response trend to infrared power as that of fluorescence counts. We also report
a fast-oscillating fluorescence time trace by modulating the IR power. We believe that our work offers some
straightforward results that might be of interest to researchers and lead to a clearer understanding of the NV

charge-state dynamics.
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I. INTRODUCTION

The atomlike defects accommodating spin levels deep
within the wide band gap of semiconductors have attracted
a growing interest in the community of quantum information
[1,2], especially of single-photon emitters [3—5]. Among all
the prominent candidates such as defects in diamond [6],
silicon carbide [7,8], and hexagonal boron nitride [9,10], the
nitrogen vacancy (NV) center in diamond still leads the way
due to its long spin coherence time and excellent optical
addressability and has been continuously studied for over a
decade [11-16]. Although it has long been known that the
negatively charged NV center (NV ™) which people are usually
concerned with can be converted into neutral charge state
(NV%) [17], it was not until recent years that people utilized
charge-state conversion (CSC) to develop new fascinating
technologies, such as optical nanoscopy [18,19], photoelec-
trical spin readout [20,21], charge-based memories [22,23],
and spin readout via spin-to-charge conversion [24,25]. These
improvements greatly promoted the potentials of NV centers
in quantum computing and nanoscale sensing [26,27].

In these experiments, illumination at various wavelengths
was employed to perform controlled charge conversion and
detection, covering from blue to infrared (IR) [28-31]. Each
wavelength was used to achieve some specific operation task.
However, most of the works only reported information related
to one aspect of CSC. In this paper, we concentrate on intro-
ducing the general means to manipulate the NV charge state
and explicitly measure how the charge population is affected
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by lasers of different colors. Four typical wavelengths are
employed in our experiments, including 532, 594, 637, and
1040 nm. With such different colors, the charge conversion
rate at different laser powers are measured. We also observe
the charge population altering and fluorescence modulation
under the simultaneous excitation with IR and other light. The
explanations for the dynamics behind the data are appropri-
ately given.

II. CHARGE STATE CONVERSION AND MEASUREMENT

The experimental setup is shown in Fig. 1(a). A home-
built confocal microscopy system is used to address naturally
occurring single NV centers in a type-Ila, single-crystal
electronic-grade chemical vapor deposition (CVD) bulk dia-
mond (from Element Six, [N] <5 ppb) at room temperature
[32]. The NV centers are about 10 microns deep below
the surface. Four beams of different wavelengths (solid-state
lasers, from Changchun New Industries) are well aligned with
dichroic mirrors (DMs) and a RGB combiner fiber (from
Thorlabs) which combines green, orange, and red light into
one output channel. An oil-immersion microscope objective
with 1.45 N.A. (from Olympus) focuses all the light onto
the diamond sample while collects single photons reversely.
Since the long-pass filter DM2 reflects photons between
650 and 950 nm into the single-photon counting module,
which mostly matches the spectral sideband of NV~ rather
than NV°, the recorded fluorescence is mainly attributed to
the negative charge. The continuous-wave lasers are gated
with acoustooptic modulators to create pulse sequence. The
594-nm laser is attenuated to a very weak level for charge-
state detection. Since the zero phonon lines (ZPLs) of NVO
and NV~ are 575 and 637 nm, respectively, a 532-nm photon
has more than enough energy to excite the sidebands of both

©2022 American Physical Society
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FIG. 1. (a) Experimental setup. A RGB combiner puts the light
of the three colors together into one path. DM1 and DM2 are long-
pass dichroic mirrors with edge wavelengths of 650 and 950 nm,
respectively. DM2 separates the fluorescence out into the single-
photon counting module (SPCM). (b) Diagram of the energy levels
and the CSC process of NV centers. The red arrows indicate the con-
version from NV~ to NV, and the green arrows indicate from NV°
to NV~. The two conversion processes are indicated as ionization
and recombination, respectively.

charge states strongly, while the 594- and 637-nm photons
only pump NV~ efficiently. Therefore, as shown in Fig. 1(b),
the light of each of the three colors is capable of converting
the center from NV~ to NV through a two-photon process
[28,33]: First driving the center from the ground state to the
excited state, then exciting one electron into the conduction
band (ionization). However, the conversion from NV? to NV~
is generally preferred when the center is illuminated by 532-
nm light continuously. Following the NV° being excited, an
extra electron is captured from the valence band (recombina-
tion), which results in a maximal NV~ population around 75%
in the steady state among various wavelengths [28]. Thus,
the distribution of the two charge states depends on the ratio
of ionization and recombination rates, and both conversion
processes depend quadratically with the illumination power
[29,30].

The check of the NV charge is achieved with a technique
called single-shot readout, where the number of collected pho-
tons in one measurement is used to determine in which charge
state the NV center dwells [24,34,35]. Figure 2 displays the
statistics for the photon numbers from 5 x 10* measurements,
each measurement containing a 15-ms-long 594-nm readout
pulse following a long-enough initialization pulse. The statis-
tic is fitted with two Poisson distributions. It is clear that
the two charge states can be distinguished with some pho-
ton number threshold between the two peaks. In contrast to
the near-unit population 99.2 + 1.8% of NV? initialized with
637-nm laser, the NV~ population initialized with 532-nm
laser reaches only 76.7 £ 0.9%. The length of the 594-nm
readout pulse should be decided carefully since a short one
may not induce enough photons to distinguish the sponta-
neous emission of two charge states from noise and a long
one may lead to charge change destructively during readout.
To make the balance, we actually made many measurements
with various powers and durations, and finally chose the op-
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FIG. 2. The steady-state photon distributions of two charge states
initialized with different lasers. In the top picture, the 532-nm pulse is
400 wW and 20 s, which leads to 76.7 £ 0.9% population of NV™.
In the bottom one, the 637-nm pulse is 350 uW and 1 ms, which
results in 99.2 4 1.8% population of NV, In both cases, the weak
594-nm readout pulse has a power of 8 uW and lasts 15 ms. The
solid lines are the fits to the data using two Poissonian distributions.

timal setting of 15 ms and 8 uW for our system. To improve
the performance of the single-shot readout, multiple methods
were applied to promote the signal-to-noise ratio radically,
such as solid immersion lens [24,25], cryogenic condition
[36], and machine learning [37,38]. With the help of a solid
immersion lens around the NV center, the NV~ population
can be increased to ~98% with single-shot readout [24,39],
which is of importance for quantum computing and sensing.
To confirm that the switching back and forth between
two charge states is a two-photon process, we measured how
the NV~ population changes with laser power. As shown in
Fig. 3(a), after the NV center is initialized to negative charge
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FIG. 3. Charge-state populations resulted from 532- and 637-nm
lasers of different power. (a) The NV center is first initialized to NV,
then a 637-nm pulse of 150 ns is used to ionize it. (b) Conversely, the
NV is first prepared in NV?, then a 532-nm pulse is used to convert
it to negative charge. The 594-nm readout pulse for both cases are 15
ms and 8 uW. The data are fitted with Eq. (3), where y = ol + BI2,
which indicates a combination of linear and quadratic dependence on
laser power.
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by 532-nm laser, we applied a 637-nm pulse with variable
power to ionize it, and then the remaining NV~ population
is measured. Considering the ~200-ns lifetime of the singlet
[37], we set the duration of the ionization pulse as 150 ns
to avoid circular pumping. This setting is also applied to
the neutral-to-negative experiment in Fig. 3(b) consistently
to maintain comparability, where the time sequence is the
same except for swapping the two lasers. The results show
that the 532-nm laser can perform the recombination process
with much less power than that needed for 637 nm acting
on the ionization process, which means a higher conversion
efficiency. To fit these data, we use the following simple rate
equations describing the CSC model [40]:

P~ =y P —yP, (1)

P’ = —y, P’ + P, 2

Here P~ and P are the populations of the two charge states
and y,, y; are the recombination and ionization rates, respec-
tively. Supposing the solution has the form P~% = A + Be®",
it is easy to derive that

P =P  +(Py —Py)e ", 3)

where Py is a steady-state NV~ population and P, is the
initial one. y = y; + y, represents the measured charge con-
version rate in the experiment. Although the two-photon
process for CSC indicates y o I?, we actually fit the data
well using the formula y = o + BI? [28]. The reason might
be that there exists some saturation effect which causes the
charge conversion rate to be linearly dependent on power
partially.

III. INFRARED-ASSISTED CHARGE STATE CONVERSION

In fact, a blue photon with a wavelength less than 477 nm
(corresponding to 2.6 eV, the energy gap between the triplet
ground state and the conduction band) is more efficient in
exciting the NV center than photons at other wavelengths
since it can simplify the ionization and recombination of the
charge state into a single-photon process due to its even higher
energy than needed [41]. However, a single blue illumination
tends to populate the NV center in the NV° charge state
[22,28], not giving access to controlling both conversions.
Instead, combining two colors of photons to excite the two
transitions of the CSC process simultaneously may accelerate
the conversion. Figure 4 displays the experimental result of
combining 1040-nm and 532-nm (637-nm) light to illuminate
the NV center after the charge is prepared in NV? (NV™).
The NV~ population is measured as a function of laser du-
ration and the data are also fitted with the function Eq. (3)
except that y is a to-be-measured constant now. The time
sequences for the two experiments are shown together in
Fig. 4(a). In Fig. 4(b), the recombination rate is estimated to
be increased from about 0.17 us™' (under green excitation
alone) to 0.7 us~! by the additional excitation with IR light
of 5 mW and to about 1.93 us~! with 70 mW. Meanwhile,
Fig. 4(c) shows that the ionization rate is increased from about
0.05 s~ ! (under red excitation alone) to 0.38 ps~! with addi-
tional IR at 70 mW. In comparison, the 1040-nm illumination
alone brings no change. Therefore, it is reasonable to consider
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FIG. 4. Charge-state population dynamics of NV center under
illumination by lasers of different colors and variable duration.
(a) Pulse sequence for (b) and (c). Following a 10-us initialization
pulse, a second pulse of variable duration for charge conversion is
applied with or without a 1040-nm pulse together, then a 8-uW
yellow pulse lasting 15 ms is used to detect the NV~ population.
(b) Rising NV~ population with longer laser pulse. The conver-
sion process is greatly accelerated by the simultaneous excitation of
532-nm (300 W) and IR light, but the steady-state populations are
different for different IR powers (5 mW and 70 mW). The red pulse
for initialization is 350 uW. (c) Accelerated charge conversion to
NV with longer pulse (637-nm laser, 400 uW; IR laser, 70 mW).
The green initialization pulse is 300 uW. The inset displays the
data above 20-us duration when there is only 637-nm laser. Such
an extended measurement is for accurate fitting to the data. For both
cases, the 1040-nm pulse alone does not change the population. The
solid lines are the fits to the data using Eq. (3).

that the IR illumination only pumps the second transition of
the two-photon process, acting as an accelerator for the CSC.
One photon of 1040 nm has an energy of 1.19 eV, which is
larger than the energy gap 0.65 eV between the excited state
and the conduction band of NV~ [41], and should be also
larger than the gap between the ground state and valence band
of NV, Thus, other lasers of near-IR wavelengths such as
780 nm can certainly play the same accelerating role [19,30].
The difference is that the 1040-nm laser may not induce the
stimulated emission as the 780 nm one does, which is also not
observed in our experiment. It is because that the spontaneous
fluorescence spectrum of NV center ends around 800 nm [31].

Another noteworthy thing in Fig. 4(b) is that the final
steady-state population of NV~ is further altered by the
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FIG. 5. The response relation of the charge population and fluo-
rescence to IR power. (a) The NV~ population (black squares) rises
rapidly with the increase of IR power and reaches the top about 82%
between 5 and 10 mW, then decreases slowly and become even lower
than the initial value when above 55 mW (indicated by the pink
dashed line). 532 nm: 400 W, 10 us; 1040 nm: 10 us; 594 nm:
8 uW, 15 ms. (b) Modulated fluorescence under the simultaneous
excitation of continuous green and gated IR laser. The power is
300 W for green and 70 mW for IR. The gate time is 10 s. A series
of such time traces are measured for different IR powers and the
quenched fluorescence counts are normalized to when IR is off and
plotted in (a) together, shown as blue circles. The dash-dot lines are
fits to the data using the model in the Appendix.

existence of a 1040-nm laser. The population even reaches
~82% when the IR power is 5 mW, but drops to ~71%
(the fluctuation of this number becomes large at long laser
durations) when it is 70 mW, which is even slightly lower
than when there is only green light (approaching 75%). To
give a general knowledge about the relation, we measured
the steady-state charge population as a function of IR power
in Fig. 5(a). The NV~ population rapidly reaches its highest
about 82% as IR power increases to between 5 and 10 mW,
and then decreases slowly, even arriving at below the initial
value when the power rises above about 55 mW. This phe-
nomenon of power-dependent enhancement and suppression
results from the competition between the ionization and re-
combination processes induced by the simultaneous excitation
with IR and green light.

Actually, this kind of effect is more straightforward in
the observation of fluorescence, which can be modulated by
switching on and off the IR laser while keeping the green ex-
citation always on [42]. As shown in Fig. 5(b), the time trace
of NV~ fluorescence is quenched by about 30% once the 70-
mW IR laser is on. We measured a series of modulated time
traces by changing the IR power, and plot the data together
in Fig. 5(a) (blue circles). When above 10 mW, a linearly
decreasing power dependence on IR light of the fluorescence

counts is clearly shown, which indicates that the quenching
contrast can be further enhanced by increasing IR power,
although higher power cannot be provided by our laser device.
When the IR light is below 10 mW, buried in the noise, the flu-
orescence can hardly present any change with the method of
observing quenching contrast and the used timebin of 50 ms.
Then, we turn to measure these data in another way, recording
the nanosecond-timescale dynamical time trace of fluores-
cence with a self-made 50 ps-resolution time tagger based on a
commercial field-programmable-gate-array (FPGA) module.
The difference in the trace counts with and without IR light
is now distinguishable and the data from 1 to 15 mW are
remeasured and shown in Fig. 5(a). The fluorescence in the
low-IR-power region shows a tiny growth and reaches the
maximum of a 3.5% increase at 5 mW. Yet this is very small
compared with the result in Ref. [31], where for a bulk dia-
mond, the fluorescence is increased about 20% by a 10-mW
IR laser, even observed on the ms-level timescale. According
to the text, we speculate that the reason lies in the special
fabrication of a shallow and dense NV layer (10/4m?) in their
sample, which might cause some ensemble effect or interplay
between adjacent NVs even within the chosen small location.

Nevertheless, most of the previous works reported only
suppression of fluorescence, no matter if it were in nanodi-
amonds [42,43] or in bulk NVs in a similar work (where IR
enhancement is only observed in shallow NVs) [29]. To con-
firm whether this tiny growth is real, we built an eight-level
rate equation model to simulate the data since the previous
two-state equations are too simple to afford this job. For the
description of the model, please see the Appendix. The pre-
dicted data are displayed in Fig. 5(a) (dash-dot lines), in good
agreement with the experimental data for both NV~ popula-
tion and fluorescence counts. The slight deviation could be
induced by various factors, such as sample type, NV location,
local electromagnetic and strain environment, optical fluctua-
tion, and so on, as well as the incompleteness of the model,
which fails to involve other complex spin structures (phonon
sidebands, for instance). Comparing the two experimental
curves, the fluorescence counts basically present the same
response trend to IR power as that of the steady-state NV~
population, but its response rate is much weaker than that of
NV~ population when the power is below 5 mW. The reason
could be that the IR laser drives the NV into a rapid dynami-
cally balanced charge-changing process [23,44], in which the
instantaneous NV~ proportion is weakly increased, while the
excited-state population that contributes to the fluorescence is
saturated; on the other hand, the NV~ population is measured
in the steady state long after the lasers are off and can be
enhanced a lot by IR, which is the balance result of the com-
petition between the ionization and recombination processes.
Above 10 mW, even the dynamical balance of the two charge
states is shifted towards NV°. This phenomenon indicates that
it could be approximately equivalent to characterize the NV
charge state by measuring fluorescence and NV population,
especially for a shallower NV center which is measured in the
steady state. If we look at Fig. 4(b) again, we could find that
the green light alone changes the charge state little when the
pulse is shorter than 500 ns. Hence, enough photons can be
produced to characterize the charge population with a proper
green pulse.

033506-4



MULTICOLOR-ILLUMINATED CHARGE-STATE DYNAMICS ...

PHYSICAL REVIEW A 106, 033506 (2022)

)
5 0.9-
£
%0.6— 8 o  normal
= S ©  modulated
§ fitting
=031 ¢
el
9]
c
0 0.0
0 500 1000
Time (ns)

FIG. 6. Time-resolved fluorescence traces of spin state initialized
to m,; = 0 with (blue circles, lower) and without (red circles, upper)
fast sinusoidal modulation by IR light. The modulation lasts for
1000 ns and the period is 125 ns. IR power: 55 mW. The solid black
lines are fits to the data with the same model and parameters as in the
Appendix.

Finally, to see how fast the fluorescence time trace can be
modulated by IR light, we give a sinusoidal modulated radio
frequency (RF) signal to the acoustooptic modulator (AOM)
for IR, while keeping the green light on. As shown in Fig. 6,
when the RF amplitude modulation is 4 MHz, the time trace
oscillates clearly with a period of 125 ns, which is reasonable
due to I(t)  sin*(wyt) = [1 — cos(2wpt)]/2, where wyy is
the modulation frequency. We also measured time traces at
oscillation periods of 62.5 ns and 31.25 ns (data not shown).
The time traces at 62.5 ns still show oscillation but a decrease
in sinusoidal contrast, and the ones at 31.25 do not show
oscillation, but instead a general fluorescence quench, which
is due to the slow AOM rise time of 53 ns. Considering the
rise or fall of the fluorescence takes only half of the period,
this response to IR power looks fast. Since CSC is considered
a slower process as discussed previously (~ 500 ns even with
strong IR), it is hard to explain the modulation by CSC alone
and imagine that the electron moves back and forth frequently
just due to the discarding and recapturing of it to and from
somewhere. Here, we might attribute the fluorescence oscil-
lation partially to some IR-enhanced nonradiative transition,
which possibly drives the electron into the singlet. Once the
IR power is weaker, the population in the excited state is
increased again under the continuous pumping of green light.

In summary, we experimentally demonstrated the funda-
mental dynamics of charge-state conversion between NV~
and NV, Four typical wavelengths of their own colors are
employed to manipulate it, and each color of light serves some
kind of superiority over others in the process. We find that the
charge conversion rate varies greatly at different laser powers
and an additional excitation with IR light makes a striking
difference in accelerating the conversion process. With this
simultaneous excitation, we also find that the steady-state
NV~ population is increased when the IR power is below
55 mW, but reduced above that, reaching its highest about
82% between 5 and 10 mW. Meanwhile, the fluorescence
counts basically follow the same dependence trend on IR
power as the NV~ population, but which is weak in the low

IR-power region. We also display the time-resolved fluores-
cence trace with fast sinusoidal modulation by IR light and
attribute it partially to some IR-enhanced nonradiative transi-
tion. Our results clarify some conclusions of previous studies
and lead to a clearer understanding of the NV charge state
dynamics, which provides a solid foundation for our next-step
work, such as the IR-assisted spin readout via spin-to-charge
conversion and magnetic-field sensing.
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APPENDIX

To predict the data strictly, we build an eight-level model
to simulate the NV~-NV? system, as depicted in Fig. 7. The
rate equations are listed as follows:

Py = —K; Py +K; P + K1 Ps + 5(Krg + Kr) P,
P, = —K; Py + K, Py + Koo Ps + 1(Krg + Krip)Ps,
Py = —(K; + Kss + Kig + Kir)Ps + K, P,
Py = —(K; + Kys + Kig + Kir)Py + K, P,

CcB
_ t. NVO
mz% t1 ES PLY
2 K, K,
K; K7
6 0 0
we L oy
. 1 GS
NV— ’Gs
VB

FIG. 7. Diagram of the energy levels and transitions between
spins. The sublevels m; = 0 and m; = %1 of the ground state (GS)
are labeled 1 and 2, and that of the excited state (ES) are labeled
3 and 4. The excited and ground states of the singlet are labeled
5 and 6. The NV is simplified to two levels and the GS and ES
are labeled 7 and 8, respectively. All the transitions that are denoted
as arrows are considered in the equations. 1040 nm is supposed to
excite the transition in singlet, but the excitation rate is small and has
little effect on our simulation, so it is ignored. K~ and K? are the
green excitation rates for the two charges, while K~ and K}’ are the
fluorescence rates. Ki is the ionization transition rate from NV~ ES
to NV° GS, and Kr is the recombination transition rate of the reverse
conversion. VB, valence band; CB, conduction band.
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FIG. 8. Simulation for data with the eight-level model. (a) Dy-
namical fluorescence time traces of spin states initialized to m; = 0
(red circles, upper) and m; = £1 (blue circles, lower). (b) Time
traces with modulation by 30-mW IR light for 400 ns. The solid black
lines are fits to the data. (c) New fits to the data in Fig. 4(b) with the
model, denoted with dash-dotted lines.

Ps = —KscPs + K35P3 + KasPy,
P = —(Ks1 + Ke2)Ps + KsePs,
P = —K)P; + K{Ps + (KiG + Kir)(P; + Py),

Py = —(K}) + Krg + Krir)Ps + K2P;.

Here P, (n €[1,8]) denotes the population on level n, K;;
denotes the transition rate from levels i to j. The ionization
transition rate Ki includes the effects of both green and IR
light (Ki = Kig + Kir), as does the recombination transi-
tion rate (Kr = Krg + Krr). But Kr is assumed to be split
equally for spin my; = 0 and m; = £1 of NV~ GS.

To solve the equations, the power-independent transition
rates are determined carefully according to Refs. [29,45]. As
for the six power-dependent rates, K, Kf, Kig, Krg, KiR,
Krr since they could differ a lot from existing literature due
to the different experimental setup and optical efficiency, we
obtain them by fitting the dynamical fluorescence time traces

TABLE I. Spin transition rates used for numerical simulation in
NV center.

Transition Rate Transition rate

K; 77 s~ K> 27 us~' /mwW
K7 53 ps™! K? 18 us™!/mW
Kis 7.9 ps™! Kig 4.9 us~'/mw
K45 45 /j,871 KI‘G 12 ;,Ls’l/mW
Kse 1000 pes~! Kir 0.6 us™'/mW
Kq 6.5 us™! Krr 3.1 us™'/mW
Ko 0.1 [/Lsil

of spin states initialized to m; = 0 and my; = %1 (as shown in
Fig. 8), which are recorded with a self-made 50-ps-resolution
time tagger based on a commercial FPGA module. The rates
Kir and Krg are obtained by adding the IR laser as a
modulation [Fig. 8(b)]. From these nice fits, we successfully
extracted all the transition rates between spins, and list them in
Table I.

However, during the simulation of these time traces, we
find that the predicted result is insensitive to some transition
rates, even if you change them significantly. To make sure
that the extracted transition rates are optimal and generally
applicable, we actually optimize them by fitting the data in
Figs. 4 and 5(a) simultaneously, which takes a lot of effort.
The repredicted data for Fig. 4(b), as an example, is displayed
in Fig. 8(c), which is also in good agreement with the experi-
mental data. Therefore, we believe that we built a reasonable
model which proves that the measured data are reliable.

Although we were not able to involve all the information
of NV center, such as depth and density (single in our case),
in the model, the several power-dependent transition rates
are extracted from real experimental data with our setup, in
which this information could be actually implicit to some
extent. In any case, the transition rates still cannot lead to
accurate prediction for every figure since the data points for
the extraction of the rates can differ from one measurement
to another due to various factors that induce fluctuations. For
example, for the deviation between data and the fitted curve
in Fig. 5(a), it is true that we can fix it using a special set of
transition rates, but these rates will distort the predicted curves
in the other figures significantly. We have to find the balance.
In this sense, we can only say that our transition rates reflect an
average effect over all the factors in the internal and external
environments of the NV center.
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