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Initializing quantum registers with high fidelity is a fundamental precondition for many applications like
quantum information processing and sensing. The electronic and nuclear spins of a nitrogen-vacancy (NV)
center in diamond form an interesting hybrid quantum register that can be initialized by a combination of
laser, microwave, and radio-frequency pulses. However, the laser illumination, which is necessary for achieving
electron spin polarization, also has the unwanted side effect of depolarizing the nuclear spin. Here we study how
the depolarization dynamics of the 14N nuclear spin depends on the laser wavelength. We show experimentally
that excitation with an orange laser (594 nm) causes significantly less nuclear spin depolarization compared to
the green laser (532 nm) typically used for excitation and hence leads to higher nuclear spin polarization. This
could be because orange light excitation inhibits ionization of NV0 into NV− and therefore suppresses one source
of noise acting on the nuclear spin.
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I. INTRODUCTION

Nitrogen-vacancy (NV) centers in diamond have inter-
esting properties for spin-based quantum information pro-
cessing and nanoscale nuclear magnetic resonance (NMR)
spectroscopy and imaging [1–8]. Nuclear spins coupled to NV
centers are useful resources for these applications. They can
be used as qubits in a hybrid quantum register [2,4,9–11] or as
long-lived memories to store quantum states of electron spins
[12–14]. They can also be used as a channel for transferring
polarization between electron spins of NV centers and nuclear
spins of the bulk (remotely coupled) in hyperpolarization
experiments [15–18]. Initializing or polarizing nuclear spins
is an essential part of these experiments.

Electron spins of NV centers can be polarized nearly
completely by optical pumping. However, this process does
not automatically lead to the polarization of nuclear spins
coupled to NV centers. Different methods for polarizing these
nuclear spins have been discussed in the literature [14,19–
23]. One of them makes use of a level anticrossing in the
excited state which occurs in a magnetic field of 51.2 mT
oriented along the NV axis [19]. Anticrossing at this magnetic
field causes mixing between the electron and nuclear spin
states of the excited state and leads to polarization of both
the electron and nuclear spins under optical pumping. This
method was successfully used to polarize the 14N nuclear
spin of an NV center and a 13C nuclear spin of the first
coordination shell. However, this method does not lead to
good polarization of other 13C nuclear spins [24], and it is
applicable only at one specific strength and orientation of
the magnetic field. Another interesting method to initialize
nuclear spins of NV centers is through single-shot readout
[20]. This method has been used to initialize the 14N nuclear
spin of an NV center and also a specific 13C nuclear spin [25].

However, this method also requires a strong static magnetic
field compared to the transverse components of the hyperfine
interaction [20].

A more general method to polarize nuclear spins coupled
to NV centers is to apply a sequence of microwave (MW),
radio-frequency (RF), and laser pulses [14,21–23]. The basic
idea of this method is to first polarize the electron spin and
then transfer this polarization to a nuclear spin coupled to it,
using MW and RF pulses. The electron spin, which is then left
in a mixed state, can be repolarized by a second laser pulse.
However, this laser pulse causes depolarization of the nuclear
spin, and the degree of depolarization depends on the power
and duration of the laser pulse. One possible source of nuclear
spin depolarization is the ionization of the NV center during
the laser pulse.

In this work, we study the depolarization dynamics of the
14N nuclear spin of an NV center for different wavelengths of
laser illumination including 532 and 594 nm. The absorption
cross section of the NV center at both wavelengths is roughly
the same, but they cause very different ionization rates: The
532 nm photons can ionize NV0 into NV− and vice versa
by a two-photon process, while the 594 nm photons can
ionize NV− into NV0 but the probability rate from NV0 into
NV− is very small at this wavelength [26]. Here we show
experimentally that the depolarization rate of the 14N nuclear
spin is significantly lower for 594 nm irradiation than for
532 nm, while the polarizing rate of the electron spin is
roughly the same for both wavelengths, resulting in higher nu-
clear spin polarization under 594 nm excitation. Although all
the wavelengths between 575 and 637 nm significantly inhibit
ionization of NV0 into NV−, wavelengths around 594 nm are
optimal for the present purpose because of the high absorp-
tion cross section of NV− charge state at these wavelengths
[26].
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This paper is arranged as follows. In Sec. II we describe
the method for polarizing the nuclear spin and the differences
between the green and orange light excitation of an NV center.
In Sec. III we give the details of our experiment and discuss
the results, and in Sec. IV we conclude.

II. POLARIZATION METHOD

We consider polarizing the single 14N (I = 1) nuclear spin
coupled to the electronic spin S = 1. The Hamiltonian of such
a system interacting with a static magnetic field aligned along
the NV axis can be written as

H= DS2
z + γeBSz + γnBIz + PI2

z + A‖SzIz + A⊥(SxIx + SyIy).

(1)

Here Sα and Iα represent the α components of the spin angular
momenta of the electronic and nuclear spins, respectively,
and γe and γn are their respective gyromagnetic ratios. D =
2870 MHz and P = −4.95 MHz [27] are the zero-field split-
ting of the electron spin and the quadrupole splitting of the
14N nucleus, measured in frequency units. B represents the
strength of the static magnetic field, and A‖ = −2.3 MHz and
A⊥ = −2.6 MHz [28–30] are the components of the hyperfine
interaction along the NV axis and perpendicular to it.

Figure 1 shows a schematic representation of the method
for polarizing the two spins. Figure 1(a) shows the pulse
sequence. The first laser pulse polarizes the electron spin into
the ms = 0 state, but this leaves the nuclear spin in a mixed
state as illustrated in Fig. 1(b). The polarization of the electron
spin can be transferred to the nuclear spin by applying two
electron spin transition selective MW π pulses followed by
another two nuclear spin transition selective RF π pulses.
Now, the nuclear spin is fully polarized, but the electron spin
is in the completely mixed state. To repolarize the electron
spin, we need to apply another laser pulse. However, this laser
pulse causes partial depolarization of the nuclear spin [22].
The amount of depolarization depends on the intensity and
duration of the laser pulse. There may be different sources
of noise that cause depolarization of the nuclear spin. One
possible source is the ionization of NV− into NV0 and vice
versa during optical illumination: the electronic spin of NV0

is S = 1/2 and its hyperfine interaction is different from that
of NV−.

All the experiments that are reported so far use green light
(532 or 520 nm) to initialize and repolarize the NV center. It is
known that under green light illumination, the charge state of
an NV center flips between the NV− and NV− states with an
average distribution of the NV− and NV0 populations being
70% and 30%, respectively [26]. This implies that by the end
of the initialization laser pulse, the center would be in the
NV0 state with 30% probability. In this case, the subsequent
MW and RF pulses have no effect on the spin. However, the
repolarizing laser pulse can convert it into NV− and this state
contributes to the observed signal. Since polarization transfer
does not occur for this, signal contribution from it results in
reduced polarization of the nuclear spin.

In order to eliminate this depolarization channel, we there-
fore change the protocol: for the repolarization laser pulse,
we use an orange laser, operating at 594 nm, instead of the
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FIG. 1. Schematic representation of the polarization method.
(a) Pulse sequence; green or orange rectangle in the first line rep-
resents corresponding laser pulses. The rectangles in the second
and third row represent MW and RF pulses applied at resonance
to the electronic and nuclear spin transitions, respectively. The
π/2 − τ − π/2 sequence in the second line is used to measure
the free-induction decay of the electron spin. (b) Energy-level dia-
gram and corresponding populations at different stages of the pulse
sequence.

conventional green laser. As we show in the following, this
leads to a significant reduction of the depolarization process
and results in higher nuclear spin polarization. The absorption
cross section of NV− is roughly the same for both lasers,
but the orange light does not result in ionization of NV0 into
NV− [26]. Accordingly, it avoids signal contribution if the
center’s charge state is changed during the repolarizing pulse.
An important point to note here is that a single NV center,
under green light readout, generates very little fluorescence
attributable to its NV0 state [26].

Figure 2 illustrates the relative positions of the energy
levels of NV− and NV0 in the band gap of diamond. The
zero-phonon lines of the NV− and NV0 charge states occur
at 637 and 575 nm, respectively. This implies that photons
of wavelength 532 or 520 nm can excite both charge states
and also can ionize one into the other. However, photons
of wavelength 594 nm can excite the NV− state, but not
NV0. Since photo-induced ionization of an NV center at the
mentioned wavelengths by a two-photon process necessitates
its excitation from the ground to the excited state, 594 nm
light can ionize NV− only into NV0, but not the other way
[26]. This is true for all wavelengths between 575 and 637 nm.
Since the NV− charge state has a high absorption cross section
around 590 nm, allowing fast polarization of its electron spin
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FIG. 2. Schematic representation of the energy levels of an NV
center for its negative and neutral charge states in the band gap of
diamond.

[26], excitation with a wavelength around 590 nm should be
optimal for the present purpose.

III. EXPERIMENTAL RESULTS

All experiments have been performed on a single NV
center from a 99.99% 12C-enriched bulk diamond sample
with a nitrogen concentration of <5 ppb. These experiments
were also repeated on another center from the same sample
and the results are very similar. The setup used for these exper-
iments was based on a home-built optical confocal microscope
equipped with 520, 532, and 594 nm lasers for optical excita-
tion of the NV center and MW and RF electronics for resonant
excitation of electron and nuclear spins. The fluorescence of
the NV center was collected through a 605 nm dichroic mirror
followed by a 594 nm long pass filter. An electromagnet was
used to apply a static magnetic field of 2.8 mT oriented along
the NV axis.

The pulse sequence given in Fig. 1 was implemented in
the following way. A 4 μs long 520 or 532 nm laser pulse
was applied to initialize the charge and spin states of the NV
center into the NV−, ms = 0 states. The following MW π

pulses were applied to the transitions |ms, mI〉 = |0,−1〉 ←→
|−1,−1〉, and |0,+1〉 ←→ |+1,+1〉, whose frequencies
were 2789.13 and 2947.42 MHz respectively. The duration
of each of these pulses was 1 μs. The RF π pulses were
applied to the nuclear spin transitions, |−1,−1〉 ←→ |−1, 0〉,
|+1,+1〉 ←→ |+1, 0〉, whose frequencies were 7.1064 and
7.1226 MHz respectively, and the duration of each of these
pulses was 62 μs. The repolarizing laser pulse was derived
from the 520, 532, or 594 nm laser. Then, an electron spin
free-induction decay (FID) was measured by applying the
Ramsey sequence (π/2 − τ − π/2) between the ms = 0 and
−1 subspaces followed by a 400 ns readout laser pulse.
Here the π/2 MW pulses were nonselective and excited
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FIG. 3. Fourier transforms of electron spin FIDs measured be-
tween the ms = 0 and −1 subspaces. The top row corresponds to the
spectrum with thermal nuclear spin polarization, and the middle and
bottom rows correspond to the spectra obtained after the nuclear spin
polarizing pulse sequence of Fig. 1 with N = 4 (cycles) for 532 nm
(duration, 500 ns) and 594 nm (700 ns) illumination respectively.

all allowed transitions between these subspaces. Since the
repolarizing laser pulse brings the populations of the ms = −1
and +1 subspaces into the ms = 0 subspace, the intensities of
the spectral lines obtained by Fourier transforming the free-
induction decay represent populations of the corresponding
nuclear spin sublevels. For the experiments involving 532 and
594 nm repolarizing laser pulses, the initialization and readout
pulses were derived from the 532 nm laser, and for those
involving 520 nm repolarizing laser pulse, the same 520 nm
laser was used for initialization and readout.

The spectra obtained by applying the pulse sequence of
Fig. 1 with N = 4 cycles of polarization transfer and repo-
larizing pulses for 532 and 594 nm repolarizing illumination
are shown in Fig. 3, together with a spectrum showing ther-
mal nuclear spin polarization. This spectrum was obtained
by applying the initializing laser pulse followed directly by
the Ramsey sequence (i.e., N = 0). It contains three lines
corresponding to the three 14N nuclear spin states, mI = −1,
0, and +1, which are split by the hyperfine coupling. These
three lines have roughly equal amplitude, which implies that
the nuclear spin is in the maximally mixed state after the
initializing pulse. The spectrum corresponding to the 532 nm
repolarizing illumination shows significantly decreased outer
peaks and an increased central peak, which implies that the
population of mI = −1 and mI = +1 states is transferred to
the mI = 0 state. The spectrum corresponding to the 594 nm
repolarizing illumination shows almost no outer peaks and a
strong central peak. We calculate the nuclear spin polarization
(p) by writing its density matrix as p|0〉〈0|+(1 − p)I , where
I is the 3 × 3 identity matrix. From the spectra, we obtain p
as 76.3 (±1.9)% and 89.0 (±2.7)% for the 532 and 594 nm
repolarizing illumination, respectively.

The amplitudes of the three spectral lines and their sum as
a function of the repolarizing laser pulse duration are shown
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FIG. 4. Dynamics of electron spin polarization and nuclear spin
depolarization as a function of the duration of the repolarizing laser
pulse. Circles, lower, and upper triangles represent experimental data
corresponding to the populations of the mI = 0, −1, and +1 states of
the 14N nuclear spin respectively, and asterisks represent the total
population. The experimental data are compared to the fit with the
model given in Ref. [22] (see the Appendix), and the corresponding
time constants are given in Table I.

in Fig. 4 for a single cycle of polarization transfer and repo-
larization. The amplitudes of all three lines increase initially,
indicating that the electron spin polarization increases. The
central line (mI = 0) reaches its maximum after ≈500 ns and
then starts to decrease, whereas the outer lines (mI = −1 and
+1) continue to grow. This indicates that the polarization of
the nuclear spin decreases. The sum of the amplitudes, after
reaching its maximum value around 500 ns, stays roughly
constant for the 532 nm illumination, whereas for the 594
nm illumination it starts to decrease. This decay can be fit
to an exponentially decaying function with a time constant of
20.4 μs. This decay reflects a decrease of the NV− population.
Its time constant is more than an order of magnitude longer
than the time needed to repolarize the center and hence does
not cause significant loss of signal. The rate constants for
the polarization and depolarization can be obtained by fitting
the data to the model given in Ref. [22] (see the Appendix).
The time constants for the polarization of the electron spin
and the depolarization of the 14N nuclear spin for different
wavelengths are given in Table I. The polarization rates for
the wavelengths 532 and 594 nm are very similar but faster
compared to the one with 520 nm illumination. However,

TABLE I. Electron spin polarization and 14N nuclear spin depo-
larization time constants for different wavelengths. The time constant
corresponding to the decay of the NV− population for the 594 nm
illumination is also given. The laser powers for 520 nm and 532
nm are ≈110 and 90 μW respectively. They are chosen such that
the fluorescence count rate is half of the saturation value. The laser
power for 594 nm is ≈80 μW.

Electron spin Nuclear spin Decay time
polarization depolarization of NV−

Wavelength time constant time constant population
(nm) (ns) (μs) (μs)

520 170 (±21) 6.4 (±1.1) NA
532 101 (±16) 8.4 (±2.5) NA
594 110 (±22) 16.6 (±4.8) 20.4 (±1.0)

the depolarization rate is significantly slower for the 594 nm
illumination compared to the 520 and 532 nm ones. This
implies that one should be able to reach higher nuclear spin
polarization with 594 nm light, and it explains the results of
Fig. 3.

The nuclear spin polarization measured from the data of
Fig. 4 is shown in Fig. 5 as a function of the laser pulse
duration. It clearly shows that the nuclear spin depolarization
is slower for 594 nm illumination than for 532 nm.

Even higher polarizations can be achieved by iterating the
transfer-repolarization cycle, as indicated in Fig. 1. Figure 6
shows the nuclear spin polarization as a function of the
number of cycles for both the 532 and 594 nm repolarizing
illuminations. The polarization increases with the number of
cycles for both the cases and reaches its maximum value after
4 (3) cycles for the 594 (532) nm illumination. The low value
of the nuclear spin polarization for N = 1 could be attributed
to the imperfect MW and RF pulses and other experimental
nonidealities which leave significant population in the mI =
−1 and +1 states. By iterating the transfer-repolarization
cycle this population can be repumped into the mI = 0 state
and hence improves the nuclear spin polarization.
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FIG. 5. Nuclear spin polarization as a function of laser pulse
duration for 532 and 594 nm illumination. Circles and asterisks
represent the experimental data, solid and dashed curves are the
corresponding fits according to the model given in the Appendix.
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FIG. 6. Nuclear spin polarization versus N , the number of polar-
ization transfer and repolarization cycles. The duration of the repo-
larizing laser pulse is 700 (500) ns for 594 (532) nm illumination.

Orange light illumination improves the 14N nuclear spin
polarization, but it also leads to loss of total signal. Here we
analyze the data given in Fig. 3 to understand signal loss and
gain in polarization. From these data, the signal of the electron
spin, in the order of nuclear spin states mI = −1, 0, +1, can
be written as [9.96 94.61 8.49] (for green repolarizing pulses)
and [3.38 95.73 4.61] (for orange repolarizing pulses). These
signals are proportional to the populations of the correspond-
ing nuclear spin states. So the total signal loss is ∼8% and
the gain in polarization is ∼13%. However, the signal of the
mI = 0 state is roughly equal in both cases, and the loss of
signal is reflected only in the mI = −1 and +1 states. This
implies that the signal that is lost is originally noise in the
present scenario (of initializing quantum registers). In any
case, the loss of signal can be compensated by increasing the
averaging time by 17%.

IV. DISCUSSION AND CONCLUSION

Initializing single nuclear spins coupled to electron spins
in solid-state materials is an important prerequisite for spin-
based hybrid quantum information processing and other ap-
plications like sensing. The approach described here, using
a combination of laser (green, 532 or 520 nm), MW, and
RF pulses allows one to initialize nuclear spins coupled
to NV centers in diamond at arbitrary magnetic fields. By
judicious use of 532 and 594 nm (orange) laser pulses, we
can achieve higher nuclear spin polarization (89.0%) than by
using only 532 nm laser pulses (76.3%). This polarization
can be improved further by improving the fidelities of the
transition selective MW and RF pulses. We have also studied
the dynamics of electron spin polarization and nuclear spin
depolarization under different wavelengths of laser illumina-
tion. We found that the electron spin polarization rates are
similar for the laser wavelengths 532 and 594 nm, and the
nuclear spin depolarization rate under 594 nm illumination is
significantly smaller than with 532 nm. We believe the reason
for different nuclear spin depolarization rates is related to the
photo-induced ionization of the NV center. It is known that
green light can ionize NV− into NV0 and vice versa, and

orange light also can ionize NV− into NV0, but the reverse
process is less probable [26]. This combined with the previous
observation [26], that a single NV center in the NV0 state
yields very little fluorescence under green light irradiation,
can explain the observed slower nuclear spin depolarization
under 594 nm illumination.

The method of polarizing nuclear spins by using a com-
bination of MW, RF, and laser pulses has been previously
applied to polarize 13C nuclear spins as well [14,23]. Here we
note that the achievable polarization by this method might also
depend on the form of the hyperfine interaction. For the 14N
nuclear spin, the hyperfine tensor contains no off-diagonal
elements [28–30] and the effect of the transverse (diagonal)
components of the hyperfine tensor, which are off-diagonal to
the Hamiltonian, can be neglected to an approximation. This
implies that the nuclear spin eigenstates are approximately the
Zeeman states. However, for 13C nuclear spins, the hyperfine
tensor in general contains off-diagonal elements, in particular
terms that commute with the z component of the electron
spin angular momentum but not with the z component of
the nuclear spin angular momentum [24,31,32]. This leads to
mixing of nuclear spin Zeeman states within the mS = −1 and
+1 subspaces, and for the mS = 0 subspace, Zeeman states
are still approximately the eigenstates if the magnetic field is
aligned with the NV axis. In any case, the use of green and
orange light illumination should lead to higher nuclear spin
polarization compared to green light illumination alone even
for 13C nuclear spins.

One disadvantage of the 594 nm excitation is the loss of
NV− population, which corresponds to a reduction of the total
signal. The loss of signal can be compensated by taking more
averages, but the purity of a quantum state cannot be improved
in a similar way. High-purity quantum states are important
for many applications. For example, the amount of entangle-
ment that can be generated in a system depends ultimately
on the purity of its initial state [33]. High-purity quantum
states are also desirable for experiments involving funda-
mental tests of quantum mechanics such as temporal Bell
inequality [34].
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APPENDIX: RATE EQUATION MODEL

The rate equation model for the population dynamics of an
NV center under laser illumination can be written as

d

dt

P = (M(kS, kI ) − kp) 
P, (A1)

013835-5



K. RAMA KOTESWARA RAO et al. PHYSICAL REVIEW A 101, 013835 (2020)

where kS , kI , and kp represent the rate constants for the electron spin polarization, nuclear spin depolarization, and decay of the
NV− population, respectively. 
P and M(kS, kI ) are the population vector and transition matrix, respectively, defined as


P = (
P|mS, mI 〉=|0, +1〉, P|0,−1〉, P|0, 0〉, P|−1, −1〉, P|−1, +1〉, P|−1, 0〉, P|+1, +1〉, P|+1, −1〉, P|+1, 0〉

)
,

M(kS, kI ) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−2kI kI kI 0 kS 0 kS 0 0

kI −2kI kI kS 0 0 0 kS 0

kI kI −2kI 0 0 kS 0 0 kS

0 0 0 −kS 0 0 0 0 0

0 0 0 0 −kS 0 0 0 0

0 0 0 0 0 −kS 0 0 0

0 0 0 0 0 −kS 0 0

0 0 0 0 0 0 0 −kS 0

0 0 0 0 0 0 0 0 −kS

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

The population vector just before the repolarizing laser pulse can be written as 
P = 1
3 (0, 0, 1, 0, 0, 1, 0, 0, 1). Using this

vector as the initial state, the solution to the rate equation model can be obtained as


P = 1

3
e−kpt

[
1 − 2kI

(3kI − kS )
e−kSt − (kI − kS )

(3kI − kS )
e−3kI t , 1 − 2kI

(3kI − kS )
e−kSt − (kI − kS )

(3kI − kS )
e−3kI t ,

1 − 2(kI − kS )

(3kI − kS )
e−kSt + 2(kI − kS )

(3kI − kS )
e−3kI t , 0, 0, e−kSt , 0, 0, e−kSt

]
.

This vector represents the population dynamics under the repolarizing laser pulse.
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