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Spin depolarization effect induced by charge state conversion of nitrogen vacancy center in diamond
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The electron spin of the negatively charged the nitrogen vacancy center (NV™) in diamond can be optically
polarized through intersystem crossing, which enables the defect to be used for quantum computation and
metrology. In this work, we studied the electron spin depolarization effect of the NV center induced by charge
state conversion, which was proven to be a spin-independent process. The spin-state initialization fidelity was
largely affected by the charge state conversion process. As a result, the optical polarization of the electron spin
decreased about 14%(31%) with a high-power continuous-wave (pulsed) green laser. Moreover, the undefined
fluorescence anomalous saturation effect of the NV center was analyzed and explained in detail based on the
spin depolarization. The results demonstrated that a weak laser should be used for initialization of the NV center.
In addition, the power and polarization of a laser for NV spin detection should be carefully adjusted to obtain
the highest fluorescence signal. Our work also provided information that can increase the understanding of the
charge state conversion and spin polarization processes of the NV center for quantum information and sensing.
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I. INTRODUCTION

Due to stable fluorescence and long spin coherence time
at room temperature [1,2], the negatively charged nitrogen
vacancy (NV7) center in diamond is a potential candidate
for quantum computers [2—6], nanoscale sensors [7-9], and
biological labeling [10]. The utilizing of NV~ electron spin
includes initialization, manipulation, and detection processes.
As high-fidelity initialization is the basis of the application
with the NV center, it is very important to understand and
optimize the optical polarization of the NV~ electron spin
state. Usually a 532 nm off-resonant laser is used to pump
the NV~ to an excited state, and then the spin-dependent
intersystem crossing (ISC) will polarize the electron spin to
the m; = 0 sublevel in the ground state [11,12]. The reported
spin state polarization probability varied from 42% to 96%
[6,13-18], which was affected by the magnetic field, strain,
and temperature [19-21]. The mechanism of optical spin po-
larization is not fully understood so far, and more experimental
and theoretical studies are necessary [11,12,22,23].

Meanwhile, recent research has shown that optical pumping
would also lead to the charge state conversion (CSC) of the
NV center between neutral NV© and negative NV~ [18,24-27].
The power and wavelength dependence of the photon-induced
CSC has been studied experimentally in earlier work [26-29].
Although a full understanding of the CSC has not been
attained as of yet [20], it is widely accepted that the CSC
is a two-photon process that occurs when the NV is pumped
by a laser with a wavelength longer than 500 nm [26-29],
and it is a single-photon process with a laser wavelength
shorter than 450 nm [27,28]. The CSC of the NV center
can be used for super-resolution microscopy [30-32] and
spin state readout [33]. Moreover, the CSC changes the local
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environment in diamond, which affects the results of quantum
state manipulation [34,35]. Therefore, the CSC should be taken
into consideration for NV-center-based quantum computation
and metrology. However, the effect of CSC on spin state
initialization and detection has not been studied systemically.

In this work, we studied experimentally the electron spin
state depolarization effect with both single-photon and two-
photon CSC. The photon-induced CSC process was proven
to be spin-independent. Since a 532 nm laser was usually
used for spin initialization and detection of the NV center, we
measured the effect of two-photon CSC on electron spin optical
polarization and detection in detail using a 532 nm laser. It was
found in our experiment that the spin polarization dropped
14% with a high-power continuous-wave (CW) green laser,
and 31% with a high-power pulsed green laser. Additionally,
the anomalous saturation effect with regard to the fluorescence
was studied and explained based on spin depolarization. The
experimental results indicated that the initialization fidelity of
the NV center could be improved by pumping the NV center
with a low-power laser, and the power and polarization of the
laser used for NV center spin detection should be carefully
adjusted for the highest fluorescence signal. Our work can
help to further the understanding of the optical dynamics of
the NV center spin, which is important for both fundamental
and application studies.

II. EXPERIMENTAL METHODS

The experiments were implemented at room temperature.
The sample was a commercial chemical vapor deposition
diamond plate with a [100] surface. The NV centers were
produced by 20 keV *N ion implantation. A single NV center
was identified by autocorrelation function measurement. As in
Fig. 1(a), lasers with different wavelengths were combined
by long pass dichroic mirrors (DMs), while the CW and
pulsed green lasers were combined by polarizing beam splitters

©2015 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.92.104301

CHEN, ZHOU, ZOU, LI, DONG, SUN, AND GUO

532nm
CW laser

(varied)ElU Egmlsl?er SPoM ZA—2 ry —_— a1,
531nm { (& 0} E

pulsed laser A IS{.‘

wror *«* 4 1 Aq
DM4,
589nm { y i LP s75nm 637nm

1042nm
laser laser

532nm

M3 =g
637nm 1 1S
2
Objective E

E‘ U m ) *'{_{__P 0}A2

(@)  pBs HwP awp piamond . (b) NV

Laser initialization MW manipulation Laser detection

Only the photons of

- NV- are detected:

{ms=:l:1 =5 nm1
mg=0 ==l

NV- population: Nnv —p n|o>=n|o>(‘5)

mg=0 of NV=2 Njo>

(c)

FIG. 1. (Color online) (a) Schematics of the experimental setup.
LP, long pass filter; HWP, half-wave plate; QWP, quarter-wave plate;
SPCM, single-photon counting modules. Four long pass dichroic
mirrors were used: DM1, edge wavelength 605 nm; DM2, edge
wavelength 536.8 nm; DM3, edge wavelength 658.8 nm; DM4, edge
wavelength 506 nm. (b) Level structure of the NV center. The straight
dashed arrows presented the single-photon CSC. The straight solid
arrows were the transitions during two-photon CSC. The wavy dashed
arrows indicated the nonradiative ISC transitions of NV, while the
wavy solid arrows indicated the spontaneous emission of the NV
center. (c¢) The initialization-manipulation-detection process of the
NV center as a spin qubit.

(PBSs). The lasers were switched by acousto-optic modulators
and focused on a single NV center with a home-built confocal
system. There were six lasers in the experiments. A 589 nm
laser with low power was used to detect the charge state of
NV [27,32]. A 637 nm laser was used to initialize the NV
center to the NV charge state; this laser with low power and
short duration was also applied for the polarization of the
NV~ electron spin state without changing the charge state
population. A 405 nm laser was used to study single-photon
CSC. ACW 532 nm laser and a pulsed 531 nm laser with varied
power were used to pump two-photon CSC. An additional CW
532 nm laser with fixed power (below saturation power) was
used to locate the position of the NV center, and to detect the
spin state of NV ™. The microwave pulse was applied through
a 15-um-diam copper wire.

In this work, we considered only two charge states of the NV
center, namely negative NV~ and neutral NV° [Fig. 1(b)]. The
fluorescence of NV shows a zero photon line (ZPL) at 575 nm,
while the fluorescence of NV~ shows ZPLs at 637 (strong)
and 1042 nm (weak) [36-38]. The ZPLs are accompanied
by redshifted phonon sidebands. Only the photons from NV~
were detected in our experiment, while the photons from NVO
were blocked by a long pass filter with an edge wavelength of
668.9 nm. Therefore, the detected fluorescence intensity was
linearly dependent on the NV~ population in our experiment.
The precise charge state population of the NV center was
obtained using the single-shot readout method [27,28]: the
charge state was first initialized by a different pumping laser,
and then a weak (W) 589 nm laser was applied to detect the
fluorescence intensity. The CSC process with the weak 589 nm
laser was very slow, so that a sufficient number of photons
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could be detected before the charge state was changed by the
589 nm laser. The photon count distribution was analyzed to
determine the charge state population, where a higher photon
count level meant NV~ and a lower level corresponded to NV°.

III. THE INITIALIZATION AND DETECTION
OF NV~ ELECTRON SPIN

Application of the NV~ spin qubit usually requires imple-
mentation of the initialization-manipulation-detection process
[Fig. 1(c)]. As shown in Fig. 1(b), the ground state A,
and excited state 3E of NV~ are spin triplet states, and the
metastable states 'A; and 'E are spin singlet states [23,37,39].
The zero-field splitting between m; = 0 and =£1 sublevels of
the ground state 3A, is D ~ 27 x 2.87 GHz at room temper-
ature [38,40]. In our experiment, the spin states are equally
populated at thermal equilibrium [41], as kg T/hD > 103 (kg
denotes the Boltzmann constant and 7 is the temperature).
Therefore, optical pumping is needed to change the NV center
from unpolarized thermal equilibrium to a polarized state with
high fidelity.

For the NV center, the ISC transitions with singlet states
A, and 'E are spin-selective processes. The ISC transitions
between 'A; and °E with m, = 41 sublevels have a probability
much larger than that with m; =0, and the E singlet
preferentially decays to the my; = 0 sublevel in the ground
state [9,14,20]. As a result, the whole ISC process CE —
'A, — E — #,) changes the electron spin state of NV~ from
m; = %1 inthe excited state tom; = 0in the ground state, with
a total decay rate I". The lifetime of IE  which is around 180 ns
at room temperature, is much longer than the lifetimes of 'A;
and °E [42]. Therefore, the ISC rate I" is mainly determined
by the lifetime of 'E, and it was measured to be about 5.5 us™!
in our experiment. In addition to the spin polarization, the ISC
transitions also result in the spin-dependent fluorescence of
NV~, which is used for spin state readout [3,20].

As shown in Fig. 1(c), the optical initialization of the NV
center can be depicted by the population of a negatively
charged state (presented as nyy-) and the population of
an m; =0 spin state of NV~ (presented as njy). After
initialization, the electron spin state can be manipulated with
a resonant microwave pulse. For the interaction of a two-level
system with a single-mode resonant field, the time-revolution
operator can be simply written as

i sin(%t))

Q
Ui(r) = (COS(”) M

i sin(%r) cos(%r)

where €2 is the Rabi frequency and t is the microwave duration.
Applying the resonant microwave pulse on the transition
between m, = 0 and —1 sublevels in >A,, the Rabi oscillation
is presented as the change of spin state population:

Q Q
njoy(7) = n|0)(0)cosz<31) + n_1>(0)sin2<31)

_ nNy- [1 n n|0)(0) n (3nl0>(0) . l)COS(QT)}-

4 nNv- nNv-

@

The initial state of this Rabi oscillation is a mixed spin
state. Due to the same ISC transition probability and
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excited-state lifetime [9,14,19], the populations of m; = +1
and —1 sublevels of NV initialized by a laser have been as-
sumed to be the same here (1241,(0) = n_)(0) = "0y

Assuming the detected fluorescence intensity with m; =
0(m; = £1) of NV~ is I,,,0(1,,1), the difference between spin
states would be 8; = |I,,0 — I,n1].- According to the time-
dependent part of Eq. (2), the amplitude of the electron spin
Rabi oscillation signal is in proportion to "N%(% — 1)é;.
Due to the hyperfine coupling between the electron spin of
NV and the intrinsic *N nuclear spin [17,43], the microwave
pulses in our experiment were nuclear spin-selective. In addi-
tion, as the intrinsic '*N nuclear spin of NV was unpolarized
here, the amplitude of the Rabi oscillation measured in our
experiment was reduced to

1 = (3000 1
A= Ly mve (B3np@ N e )
3 4 nNV— 4

Here, we have defined the optical initialization parameter
R = nNV—(n’;% - %). Therefore, as shown in Eq. (3), the
detected amplitude of Rabi oscillation was determined by two
factors: the NV center initialization (R) and the spin state
detection (8;). To measure the initialization fidelity of the NV
center, we kept the value of §; constant in the experiments,
which was realized by fixing the power and duration of the
laser for spin state detection. In the following sections, the
change of Rabi oscillation amplitude A was directly used to
present the change of optical initialization R. The parameter
R includes two parts: the charge state initialization (ny-) and
the spin state initialization (n’;% - %). With R and nyy- being

measured in experiments, the spin polarization fidelity can

be obtained as ﬁ, which presents the difference between

an optically polarized spin state and unpolarized thermal
equilibrium.

IV. SPIN STATE DEPOLARIZATION DURING
CHARGE STATE CONVERSION

The CSC of the NV center has been observed with a wide
range of light illumination [26-28]. Usually, both ionization
(NV™ to NVO) and recharging (NV0 to NV7) processes would
be induced by the same laser. The NV~ population of a steady
state with laser excitation can be derived as # [32,44],
where y; is the ionization rate and y, is the recharging rate.
In our experiment, the highest NV~ population [0.742(8),
Fig. 2(a)] was obtained by 532 nm laser pumping, while the
lowest NV~ population [0.064(2), Fig. 2(b)] was obtained with
a 637 nm laser.

A simple model in Fig. 1(b) was used to present the CSC
process of the NV center. During the single-photon CSC, the
NV center absorbs one photon and directly changes the charge
state. The NV center will not be pumped to the excited states
during the single-photon CSC. The two-photon CSC is more
complicated because it has two separate steps. First, the NV
center is pumped to the excited state of NV~ (E) or NV'(?A,)
by absorbing one photon. Then, the charge state is changed by
absorbing another photon [26,29,37]. Once the NV center is
at the excited state 3E, there are three possible transitions.
In addition to the CSC, the NV center could also decay
to the ground state of NV~ through spontaneous radiation
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FIG. 2. (Color online) (a)—(c) The histograms of photon counts
of asingle NV center measured by the single-shot readout charge state
method. The charge states were initialized by different lasers [a 0.6
mW 532 nm laser in (a), a2 mW 637 nm laser in (b), and a 4 mW 405
nm laser in (c)], but detected by the same 589 nm laser with microwatt
power. The solid lines are Poisson distribution fits. (d) Experiment
results of NV~ electron spin Rabi oscillation initialized by different
lasers: @, charge state and spin state initialized by 532 nm; @, charge
state and spin state initialized by 405 nm; ®, charge state initialized
by a 405 nm laser and spin state initialized by a 637 nm laser. 405 nm
laser: 30 us duration, 1 mW power; 637 nm laser for spin polarization:
500 ns duration, 0.3 mW power; 532 nm initialization laser: 3 s
duration, 0.6 mW power; 532 nm detection laser: 300 ns duration,
0.6 mW power. (e) CSC process pumped by a 4 mW 405 nm laser.
The fluorescence was detected by a 2 us 0.27 mW 589 nm laser.
The charge state was initialized by a 637 nm laser pulse with 5 us
duration and 6 mW power. (f) The electron spin polarization fidelity
changed by a 4 mW 405 nm laser with different durations. (g) The
nuclear spin Rabi oscillation was measured with different 405 nm
pump laser durations. The power of the 405 nm laser was about
2 mW. The electron spin was fully depolarized with a 30 us 405 nm
laser in this situation.

or ISC transition. As mentioned before, the ISC transition
will polarize the electron spin of NV~ to an m; = 0 state.
Therefore, the two-photon CSC is accompanied by the spin
state polarization process. The effect of pure CSC on the
electron spin state should be obtained with single-photon CSC.

A. Spin-independent charge state conversion

A typical example of single-photon CSC was pumped by
a 405 nm laser [28]. As shown in Fig. 2(d), the electron spin
state was first prepared at m; = —1 by green laser pumping and
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subsequently a microwave 7 pulse; then different laser pulses
were applied to change the optical initialization parameter R;
finally, the Rabi oscillation was measured. We fixed the laser
pulse for spin state detection. Therefore, the change of Rabi
oscillation amplitude A was only caused by the optical initial-
ization parameter R. In Fig. 2(d), R initialized by a 405 nm
laser (@ sequence) was much lower than that initialized by a
532 nm laser (O sequence). Here, the NV~ population nyy-
was between 0.742 [the steady-state population with a 532 nm
laser, Fig. 2(a)] and 0.488 [the steady-state population with a
405 nm laser, Fig. 2(c)]. The change of charge state population
was much lower than the change of R. The results proved that
the electron spin state was depolarized by a 405 nm laser.

For comparison, a 0.3 mW 637 nm laser with 500 ns
duration was applied after the 405 nm laser pulse [® sequence
in Fig. 2(d)]. As the CSC rate with the 0.3 mW 637 nm laser
was much lower than 2 us™!, the short 637 nm laser pulse
did not change the charge state population, but it can affect the
spin state. The electron spin Rabi oscillation signal reappeared
after applying the red laser pulse. The phase of Rabi oscillation
with the ® pulse sequence resulted in a different 7 from that
with the @ and @ sequences. This indicated that the 637 nm
laser polarized the electron spin state to my = 0, and it further
proved that the decrease of R with the 405 nm laser was due
to the depolarization of the electron spin state.

To analyze the relation between CSC and spin depolariza-
tion with a 405 nm laser, the CSC rate and spin depolarization
rate were measured separately. The CSC rate was simply
measured using the method in Fig. 2(e). The charge state of
NV was first initialized to NV° by a 637 nm laser, then the
405 nm laser was applied with duration 7, and the charge state
was finally detected by a weak 589 nm laser. The duration of
the 589 nm laser was carefully adjusted so that the spin state of
NV~ would be polarized by it, and the duration of that laser was
not long enough to change the charge state initialized by the
405 nm laser. Therefore, the detected fluorescence intensity in
Fig. 2(e) was mainly determined by the charge state population
with 405 nm laser excitation. According to Eq. (A4), the
405 nm laser CSC rate y, = y; + y, ~ 0.348(7) us~' was
obtained by exponential fitting of the fluorescence in Fig. 2(e).
The ionization rate can be obtained from y, and the steady-state
NV~ population as y; = ¥, x (1 —0.488) ~ 0.177 s~ .

The spin state depolarization rate of the 405 nm laser
was obtained as shown in Fig. 2(f). The NV center was first
initialized by the 532 nm laser. Then, a 405 nm laser with
duration ¢ was applied to change the charge state and the
spin state. The electron spin Rabi oscillation was measured
to obtained parameter R(¢). In Fig. 2(f), the decay rate
of R(t) [approximately 0.185(6) us~!] was very close to
the photoionization rate in Fig. 2(e). This similarity was
observed with different 405 nm laser powers. It strongly
suggested that the CSC would lead to spin depolarization,
as shown in Eq. (AS5). The spin polarization fidelity in Fig. 2(f)
was obtained as ——_ where nyy-(f) = 0.488 + (0.742 —

nyy-(0)°
0.488)¢ 0348 1s™'x1 wag derived from Eq. (A4) [note that the
CSC rate with the 405 nm laser was the same in Figs. 2(e)
and 2(f), but the charge state populations were different]. The
fully electron spin depolarization in Fig. 2(f) demonstrated that
both the ionization and recharging processes of single-photon
CSC were not spin-selective.
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The polarization of the intrinsic '*N nuclear spin of the NV
center was also analyzed using single-photon CSC [Fig. 2(g)].
The nuclear spin was first initialized to m; = 41 by 532 nm
laser pumping with a 382 G external field [43]. Then, the
405 nm laser was applied to depolarize the electron spin state.
The nuclear spin Rabi oscillation was observed by applying a
resonant radiofrequency pulse. Due to the dipole interaction
between nuclear spin and electron spin of the NV center, the
results showed that CSC would also decrease the fidelity of
nuclear spin manipulation. However, the nuclear spin Rabi
oscillation signals still existed after the electron spin was fully
depolarized. This indicated that the nuclear spin state was not
directly affected by the CSC.

B. The power-dependent electron spin depolarization
with two-photon charge state conversion

Although the spin depolarization effect induced by CSC
has been demonstrated with a 405 nm laser, it is the 532 nm
green laser that has been widely used for initialization and
detection of the spin state of NV~. The CSC pumped by a
532 nm laser is a two-photon process [27,28], where both spin
polarization and depolarization effects should be considered.
As mentioned before, the electron spin polarization process
of NV~ consists of two steps: optical pumping from a ground
state to an excited state and the ISC transition through the
singlet metastable states. The ISC transition does not require
optical pumping, and it has a total transition rate I' &~ 5.5 us™!
in our experiment, as mentioned in Sec. III. Therefore, the spin
polarization can be treated as a single-photon process. The
contrast between the CSC transition rate (spin depolarization
rate) and the electron spin polarization rate would be changed
with laser power.

The spin state polarization process and the CSC process
pumped by a CW 532 nm laser were measured with the
pulse sequences shown in Figs. 3(a) and 3(b), respectively.
In Fig. 3(a), the charge state was prepared at steady state with
532 nm laser excitation, and the spin state of NV~ was prepared
at my = —1. Another 532 nm laser pulse with duration #; was
applied to repolarize the electron spin state to m; = 0. The
detected fluorescence intensity would increase with ¢, during
the spin polarization process. The increased rate y; can be used
to present the speed of spin polarization under 532 nm laser
pumping. In contrast, the change of fluorescence with 532 nm
duration ¢, in Fig. 3(b) was caused by the CSC process, which
was similar to Fig. 2(d). The CSC rate y, was obtained by
exponentially fitting the fluorescence intensities with different
durations of a 532 nm laser. The processes of spin polarization
and CSC with different laser powers are shown in Figs. 3(c)
and 3(d). It is worth noting that the ISC transition did not
immediately stop after the 532 nm laser was turned off. Thus,
the spin polarization rate was actually lower than y; in Fig. 3.
However, in the weak excitation regime (y, < I'), the spin
polarization rate was very close to y;, and it can be presented
by ¥s.

As shown in Fig. 3(e), the CSC rate increased much faster
than the spin polarization rate. The ratio y; : y, was about 68:1
with a 0.019 mW 532 nm CW laser, but the ratio became 3.6:1
with a 0.47 mW laser. In addition, the spin polarization rate
in the strong excitation regime was limited by the ISC decay
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FIG. 3. (Color online) (a) and (b) Pulse sequences for the mea-
surements of spin state polarization and CSC, respectively. ¢, was the
duration of the laser for spin polarization, and 7. was the duration of
the laser for CSC. The 532 nm laser with fixed power (0.6 mW) in
(a) was used for spin initialization (with 3 us duration) and detection
(with 0.3 ws duration). The 637 nm (for charge state initialization)
and 589 nm (for charge state detection) lasers in (b) were the same
as that in Fig. 2(e). (c) and (d) The measured fluorescence intensities
changed with CW green laser durations of 0.019 and 0.47 mW CW,
respectively. (e) The power dependence of the spin polarization rate
(y5) and the CSC rate (y.). The rates were obtained by an exponential
fit of the fluorescence variations during spin polarization and CSC,
such as that in (c) and (d). The red dashed line presented the total ISC
transition rate I' &~ 5.5 s~! in our experiment.

rate I'. It can be expected that the spin state depolarization
rate (CSC rate) would be much higher than the spin state
polarization rate with ultrahigh-laser power.

Apparently, the total effect of laser excitation on the electron
spin of NV~ was determined by the contrast between the spin
depolarization rate and the polarization rate. Therefore, the
initialization fidelity of the NV~ spin state should be changed
with 532 nm laser power. In addition, the full depolarization
effect of electron spin was supposed to be observed with
the NV center initialized by a high-power 532 nm laser. In
Figs. 4(a) and 4(b), we show the Rabi oscillation and Ramsey
fringes of the NV~ electron spin state initialized by a 0.06
and 10.8 mW 532 nm CW laser. The Rabi oscillation signal
with the electron spin state initialized by a weak laser was
larger than that initialized by a strong laser. This proved that
the polarization fidelity of the NV~ spin state decreased with
the laser power. The spin coherence time was deduced from
the decay of the Ramsey fringe envelope. The results showed
that the electron spin coherence was not significantly changed
with laser power.

The spin state initialization fidelity with a CW and a
pulsed green laser was quantitatively analyzed as shown in
Figs. 4(c) and 4(d). The parameter R(P) initialized by a
green laser with power P was obtained by measuring the
Rabi oscillation of the electron spin state. Meanwhile, the
NV~ population nyy-(P) initialized by a green laser can be
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was initialized by 532 nm lasers with different powers, and detected
by the 532 nm laser with fixed power (0.6 mW, 0.3 us duration). (c)
and (d) The power dependence of polarization parameters initialized
by a CW 532 nm laser and a pulsed 531 nm laser with a repetition rate
of 5 MHz. A 637 nm laser for spin polarization: 0.3 mW power, 3 s
duration; a CW 532 nm laser for detection: 0.6 mW, 0.3 us duration.

obtained using the single-shot charge state readout method, the
results of which will be presented later. Here, for acomplement
of the single-shot readout method, we measured the power
dependence of the NV~ population in a different way. After
the NV center was initialized by a 532 nm laser with various
powers, we used a 637 nm laser pulse with fixed power and
fixed width to pump the NV center. The duration of the
637 nm laser was carefully adjusted so that it repolarized
the electron spin of NV~ without significantly changing the
charge state population. Therefore, the amplitude of electron
spin Rabi oscillation measured with this pulse sequence was
only determined by nyy- (P) initialized with a 532 nm laser.

After the power dependence of R(P) and nyy-(P) was
measured with Rabi oscillation, the power-dependent spin
polarization fidelity was obtained as nNIi(—f;;’)' As shown in
Figs. 4(c) and 4(d), the spin polarization decreased 14(2)%
with a high-power CW 532 nm laser, and 31(3)% with a
high-power pulsed laser (5 MHz repetition rate). However,
the exact value of spin polarization fidelity was not measured
in our experiment.

C. The effect of intersystem crossing

The full depolarization effect of the spin state was not
observed with two-photon CSC in the preceding section.
This was because the microwave pulses were applied at least
500 ns after the laser pulse was turned off. A single ISC
transition would repolarize the spin state of NV~ before the
Rabi oscillation was measured. Therefore, the measured spin
depolarization effect in Fig. 4 was lower than that expected
in Fig. 3.
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In the pulsed laser experiment, the pulse width of the
pulsed laser was about 78 ps, which was much shorter than
the lifetimes of the excited states and the metastable states
of NV™. Therefore, the ISC transition during the laser pulse
excitation can be neglected. For a single laser pulse with a fixed
width, the spin depolarization effect induced by CSC would
only be determined by the power of the laser. In contrast, the
spin polarization effect of the ISC transition during the interval
between two laser pulses was affected by the repetition rate of
the pulsed laser. As a result, the effect of the whole pulse
sequence would be changed with the repetition rate of the
pulsed laser. The electron spin depolarization effect with the
pulsed laser was larger than that with the CW laser, as shown
in Fig. 4.

For a pulsed laser with a 5 MHz repetition rate in the
experiment, the interval between two adjacent laser pulses was
longer than the metastable states’ lifetimes of NV~ [42]. The
population of the metastable state can be treated as zero during
the CSC process pumped by a laser pulse. Therefore, the full
depolarization of the spin state during CSC with an ultrahigh-
power pulsed laser can be presented as % = 0. After the

laser was turned off, a single ISC transition changed the spin
state from m; = =1 to O with probability x. Subsequently the
spin polarization effect became % = ZTX In Fig. 4(d), we

found that ﬁ initialized by an ultrahigh-power laser was

about 69% of the maximum value [(%)max < %]. Therefore,

the polarization probability of a single ISC transition was
estimated to be x < 69%.

V. THE FLUORESCENCE ANOMALOUS SATURATION

As the fluorescence intensity varied with electron spin,
it was expected that the spin depolarization induced by
CSC should also affect the emission of the NV center.
In fact, the fluorescence anomalous saturation effect of
the NV center, presented as the decrease of fluorescence
intensity with laser power, has been observed for a long time
[45-47]. In Ref. [46], Chapman et al. analyzed the anomalous
saturation of the NV center with different external magnetic
fields, and they suggested that the anomalous saturation was
caused by the electron spin depolarization of NV~, although
the reason for the depolarization was not clearly specified.
However, in Ref. [47], Han et al. deduced that the anomalous
saturation resulted from the power dependence of the dark
state population.

In Figs. 5(a) and 5(b), we measured the power-dependent
fluorescence intensity and charge state population with a green
laser. For both a CW laser and a pulsed laser, the NV center
fluorescence showed a decrease with laser power in the strong
excitation regime, as expected. The population of NV° (as
a dark state here) did not increase with laser power in the
strong excitation regime. Instead, the depolarization effect of
the electron spin state [Figs. 4(c) and 4(d)] fitted the tendency
of anomalous saturation. The results supported the assumption
that the anomalous saturation effect was induced by the spin
depolarization, which was proven to result from CSC in the
strong excitation regime. Actually, the increase of the NV~
population in the high-power regime might also be caused by
the spin state depolarization effect [28].
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FIG. 5. (Color online) The power-dependent fluorescence inten-
sity and charge state population with (a) 532 nm CW laser and
(b) 531 nm pulsed laser with a repetition rate of 5 MHz. The
charge state population was detected by the single-shot charge state
readout method. (c) The anomalous saturation of the NV center with
different repetition rates of pulsed laser. The lasers were circularly
polarized, with repetition rates ranging from 5 to 40 MHz. (d) The
fluorescence saturation effect of the single NV center with different
laser polarizations. The repetition rate of the pulsed laser was 5 MHz.

The fluorescence anomalous saturation effect also changed
with the repetition rate of the pulsed laser, as shown in Fig. 5(c).
Unlike the Rabi oscillation measurement, the spontaneous
emission was measured right after the laser pulse was turned
off (the lifetime of the excited state 3E was 10—15 ns in our
experiment). The ISC transition cannot repolarize the spin state
before spontaneous emission is measured. Therefore, the full
spin depolarization can be observed through the anomalous
saturation effect. For the results of a pulsed laser with a
repetition rate of 5 MHz, the saturated fluorescence intensity
was about 43% of the maximum intensity. Considering the
change of charge state population with laser power, the results
indicated that the spontaneous emission intensity with a fully
depolarized spin state was lower than 42% of the spontaneous
emission with a polarized spin state, m; = 0.

As the two-photon CSC rate was also changed with
the polarization of the laser [32,34], we observed different
anomalous saturation effects of the NV center with different
laser polarizations, as shown in Fig. 5(d). The results showed
that the highest fluorescence intensity of the NV center in
[100] diamond was obtained with a circular polarization laser.
This demonstrated that the power and polarization of the laser
should be carefully chosen for the maximum fluorescence
intensity of the NV center. In addition, a fast CSC transition
should be avoided during spin state detection.

VI. DISCUSSION AND CONCLUSIONS

Usually, the optical initialization and detection of the NV
center is performed with a 532 nm CW laser. However, our
experiment demonstrated that optical pumping can actually
lead to electron spin depolarization. As a result, the spin
polarization fidelity decreased with 532 nm laser power. In
previous experiments, electron spin polarization and detection
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were realized with the same laser, and the power was usually
larger than the fluorescence saturation power (where the
fluorescence intensity was half of the maximum fluorescence
intensity) [2,46]. The results in Fig. 4(c) showed that the elec-
tron spin polarization and NV~ population initialized by a CW
532 nm laser with saturation power (approximately 0.24 mW)
was lower than the maximum value. Therefore, a weak 532 nm
laser was needed for high-fidelity NV~ initialization. On the
other hand, the laser used for fluorescence detection should
be carefully adjusted according to the anomalous saturation
effect. To improve the performance of the NV center as a
spin qubit, two lasers with different powers should be applied
separately for NV center initialization and detection.

In summary, we experimentally studied the effect of CSC
on the initialization and detection of NV center electron spin.
The spin state depolarization effect was observed with both
single-photon and two-photon CSC processes. The CSC was
proven to be spin-independent. As a 532 nm laser was usually
used for NV center initialization and detection, we found that
the electron spin polarization dropped 14% with a high-power
CW green laser and 31% with a high-power pulsed green laser.
The results indicated that the high-fidelity spin polarization of
the NV center should be obtained with weak laser pumping.
Due to spin depolarization induced by CSC, the fluorescence
anomalous saturation effect of the NV center was also observed
and analyzed in the experiment. It demonstrated that the laser
for detecting the NV center should be carefully chosen to
avoid the depolarization effect of the electron spin. The results
can help to further the understanding of the CSC and spin
state polarization processes of the NV center, and to develop
applications of the NV center for quantum computation and
metrology.
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APPENDIX: THE CHARGE STATE CONVERSION
RATE AND THE SPIN DEPOLARIZATION RATE

The CSC can be treated as the transition between the bound
state and the continuum state. It is reasonable to assume that the
CSC is spin-independent. Then, the rate equations for single-
photon CSC could be written as

d Vr
27710 = ~Yino) + 3 NV (AD)
d v,
Enli]) = —yinxn + ?nNVm (A2)
—hnve = Yi(o) + 1y +n-n) = Yoy (A3)

dt
Here, np),1+1) denotes the population of NV~ with spin state
ms =0, £ 1. nyyo is the population of NV, The neutral
charge state population during the CSC is solved as

nyo(t) = — 1. M >e—<%‘+%->’, (A4)

Yi+ W Vit
where ¢ is the duration of the laser. It shows that the charge state
population changes with rate y, = y; + y,, and the steady-

state population of NV is presented as # The population

of NV~ can be obtained as nyy- = 1 — nyyo. The spin state
depolarization effect is also solved as

+ (nNVO ) —

%(”m —npx1y) = —Yi(ng) — njn). (AS)
The population difference between different spin states can be
written as 1) — ny+1) = %R, where R is defined in Eq. (3).

Normally, the two-photon CSC is more complicated than
the single-photon process, and it cannot be depicted by
Egs. (A1)—(A3), as the ISC transition should be considered.
But for the pulsed laser used in our experiment, the pulse width
was much shorter than the lifetime of NV excited states and
metastable states [42]. Therefore, the spontaneous decay and
nonradiative ISC transition of the NV center can be neglected
during the laser pumping. The two-photon CSC with a pulsed
laser can also be analyzed by Egs. (A1)-(A3).
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