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We report a versatile method to polarize single nuclear spins in diamond, based on optical pumping of a
single nitrogen-vacancy (NV) defect and mediated by a level anticrossing in its excited state. A nuclear-
spin polarization higher than 98% is achieved at room temperature for the >N nuclear spin associated with
the NV center, corresponding to wK effective nuclear-spin temperature. We then show simultaneous
initialization of two nuclear spins in the vicinity of a NV defect. Such robust control of nuclear-spin states
is a key ingredient for further scaling up of nuclear-spin based quantum registers in diamond.
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Owing to their extremely long coherence time, nuclear
spins are attractive candidates for solid-state quantum in-
formation processing [1,2]. However, the state of individ-
ual nuclear spins is difficult to access because of their low
magnetic moment [3]. Recently, a room temperature read-
out of single nuclear spins in diamond has been achieved
by coherently mapping nuclear-spin states onto the elec-
tron spin of a single NV color center [4,5], which can be
optically polarized and read out with long coherence time
[6,7]. This has been the basis for spectacular experiments
in quantum information science, including the realization
of a nuclear-spin-based quantum register [8] and multi-
partite entanglement among single spins at room tempera-
ture [9].

However, most of these experiments [4,9] were per-
formed without any deterministic polarization of nuclear-
spin states. This random initialization unavoidably de-
creases the success rate of all local operations as 1/2V
where N is the number of qubits. Deterministic polariza-
tion of the nuclear spins thus appears as a crucial step
toward development of a scalable diamond based quantum
information processing unit.

A high degree of polarization of a single nuclear spin in
diamond has been demonstrated in Ref. [8], using a com-
bination of selective microwave excitation and controlled
Larmor precession of the nuclear-spin state. Another strat-
egy is to use a level anticrossing (LAC) in the ground state
[10], as demonstrated in early ensemble experiments [11].
However, for the present purpose working close to the
ground state LAC provides experimental challenges for
qubit manipulation resulting from the mixed character of
electron and nuclear-spin states.

In this Letter, we demonstrate a new method to polarize
single nuclei in diamond which is simply based on optical
pumping. A nuclear-spin polarization higher than 98% is
achieved, corresponding to K effective nuclear-spin tem-
perature. A polarization mechanism is given to account for
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such experimental observation, based on a LAC in the
excited state of the NV defect. We then demonstrate si-
multaneous initialization of two nuclear spins in close
vicinity to a NV defect, which provides efficient initializa-
tion of a three qubit quantum register by including the
electron spin.

The NV defect center in diamond consists of a substitu-
tional nitrogen atom (N) associated with a vacancy (V) at
an adjacent lattice site [Fig. 1(a)]. For the negatively
charged NV color center, which is addressed in this study,
the ground state is a spin triplet state 3A, with a zero-field
splitting Dy, = 2.87 GHz between spin sublevels m; = 0
and m; = *1 [12]. The excited state E is also a spin
triplet, associated with a broadband photoluminescence
emission with zero phonon line at 1.945 eV, which allows
optical detection of single NV defects using confocal
microscopy. Optical excitation-emission cycles induce a
strong electron spin polarization into the m; = 0 sublevel.
This effect results from spin-selective nonradiative inter-
system crossing to a metastable state lying between the
ground and excited triplet state [12,13]. Furthermore, the
photoluminescence intensity is higher when the m; = 0
state is populated, allowing optical detection of spin ro-
tation of a single NV center by optically detected magnetic
resonance (ODMR) [14].

Recently, it has been demonstrated that the excited-state
zero-field splitting | D, is around 1.42 GHz with parallel
principle axis system and an isotropic g factor identical to
the one in the ground state (g, = 2) [15,16]. Using such
values, an excited-state LAC is expected for a magnetic
field magnitude on the order of 500 G [15-17]. In the
following, we use this excited-state LAC to polarize single
nuclear spins in diamond.

We investigate ultrapure synthetic type Ila diamond
crystals prepared using a chemival vapor deposition pro-
cess. Single NV color centers were artificially created by
implanting 7 MeV "N ions and by annealing the sample
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FIG. 1 (color online). (a) Atomic structure of the NV defect in
diamond. (b) Simplified energy-level diagram showing the
ground state hyperfine structure associated with >N nuclear-
spin states |1) and ||). Levels associated to electron spin state
m; = +1 are not shown. Optical transitions are used to polarize
and read out the electron spin state. (¢c) ODMR spectra recorded
at different magnitudes of a magnetic field applied along the NV
symmetry axis ([111] crystal axis). Nuclear-spin polarization is
observed at the excited-state LAC (B = 500 G). Solid lines are
data fitting using Lorentzian functions. Identical results are
obtained for transitions from m,; = 0 to the m; = +1 manifold
(data not shown). (d),(e) Selective Rabi nutation measurements
using microwave pulses at frequency v| [blue (or dark gray)
points] and »; [red (or gray) points]. The experiment is per-
formed for B = 40 G (d) and B = 500 G (e). Solid lines are data
fitting using cosine functions.

for two hours in vacuum at 800 °C [18,19]. Those NV
defects are associated to the >N isotope which is a I =
1/2 nucleus. The energy splitting resulting from hyperfine
interaction between this nuclear spin and the electron spin
is J’Zlgs = —3.05 MHz in the ground state [19] [Fig. 1(b)].

ODMR spectra of single NV color centers are recorded
by applying microwaves and monitoring the photolumi-
nescence intensity. In addition, a magnetic field (B) is
applied along the NV symmetry axis ([111] crystal axis).
As shown in Fig. 1(c), two electron spin resonances (ESR)
are evidenced in ODMR spectra recorded at small mag-
netic field magnitude, each resonance being associated to a
given orientation of the nuclear spin, |) at frequency v,
and []) at frequency »|. By keeping the magnetic field
aligned but increasing its magnitude up to 500 G, which
corresponds to the excited-state LAC, the ESR line at

frequency vy disappears, indicating a strong polarization
of the nuclear spin in state |0, |) [Fig. 1(c)] [20].
The nuclear-spin polarization is measured as

o ](Vl) - ](VT)

T T+ I M

where I(v) [respectively J(v|)] is the integral of the ESR
peak at frequency vy (resp. v)). By fitting each ESR line
with Lorentzian functions, we infer a polarization P =
0.98 = 0.01. Owing the nuclear-Zeeman splitting between
states [0,1) and |0,]) (=200 kHz at B = 500 G), such
polarization corresponds to a wK effective nuclear-spin
temperature.

In order to confirm this observation, selective Rabi
nutations are performed for each ESR line using the stan-
dard pulse sequence described in Ref. [6]. At low magnetic
field magnitude, the contrast of the Rabi nutation is almost
identical for each resonance line, demonstrating that the
two states [0, 1) and |0, |) are populated with similar prob-
abilities. Around the excited-state LAC, the contrast asso-
ciated to state |0, ) vanishes whereas the one associated to
state |0, |) becomes twice higher [Fig. 1(e)]. This result
constitutes another demonstration of the nuclear-spin po-
larization in state |0, |).

We now propose a mechanism to account for the ob-
served nuclear-spin polarization. Assuming that the mag-
netic field B is perfectly aligned along the NV axis (z axis)
and neglecting the nuclear-Zeeman splitting, the excited-
state Hamiltonian is given by

H= Dess\vg + geMBBSZ + ‘Aessz) (2)

where § and ] are the electron and nuclear-spin operators,
D, the excited-state zero-field splitting, g, the electron g
factor, up the Bohr magneton, and A, the excited-state
hyperfine coupling. Recent ESR experiments have shown
that hyperfine interaction with a '>N nuclear spin is A ., =~
60 MHz in the excited state [15].

We assume D, to be negative [21] and we restrict the
study to the excited-state m; = 0 and m; = +1 sublevels.
In the basis [|+1,1);[+1, 1);10,1);10, 1)] and by choosing
the origin of energy at level |0, 1), the Hamiltonian de-
scribed by Eq. (2) can be written as

e.,+b 0 00

1 =D+ A2
l € es — es
H= 0 €+l+b a0 with bzgelu,BB
0 a 00 a:‘/{qes/\/i-

0 0 00

The eigenstates of such Hamiltonian are [0, ]), |+1,1),
|+) = al0,D) + Bl + L1) and |=) = Bl0,T) — al+11).
The position of the associated eigenenergies as well as
the values of parameters « and B are represented as a
function of the magnetic field magnitude in Fig. 2(a).
This energy diagram shows an excited-state LAC occur-
ring around By oc = 500 G. Note that in the Hamiltonian
defined by Eq. (2), we have neglected splitting of excited-
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FIG. 2 (color online). Nuclear-spin polarization mechanism.
(a) Eigenstates of the excited-state Hamiltonian described by
Eq. (2) showing a LAC at Bjsc = 500 G. This simulation is
performed using D, = —1420 MHz and A. = +60 MHz.
The inset shows the evolution of parameters «, B3, and 4a? ,82
as a function of the magnetic field magnitude. (b) Far from LAC,
no nuclear-spin polarization is achieved as optical transitions
(PA —3E) are fully nuclear-spin conserving (black arrows).
(c) At LAC, precession at frequency () between excited-state
sublevels |0, ) and |+1, |) can lead to nuclear-spin flip, which
can be transferred to the ground state through nonradiative
intersystem crossing (curved arrow).

state spin sublevels caused by local strain on the sample,
which might be different from one NV defect to another. It
has been shown recently that such strain-induced splitting
is, however, much smaller than |D,,| in ultrapure diamond
samples, and as a result does not affect the position of the
LAC [16].

At low magnetic field magnitudes, & = 1 and 8 = 0. In
such regime, optical transitions from the ground to the
excited state are fully nuclear spin-conserving as no state
mixing in the excited state is occurring [Fig. 2(b)]. As a
result, the nuclear spin is not polarized.

Increasing the magnetic field magnitude close to the
LAC, « and B begin to balance. The transition from |0, |)
to the excited state remains nuclear spin conserving,
whereas the transition from [0,1) results in (a|+) +
Bl—)) in the excited state. This superposition state then
starts to precess between a|+)+ Bl—)=10,1) and
al+) = Bl=) = (& = )10, 1) + 2aBl+1,]) at fre-
quency Q = 1/21[(b + €, ,)? + 4a*]"/%, where h is
Planck’s constant [Fig. 2(c)]. The maximum probability
Pmax(B) to find the nuclear spin flipped from [1) to |])
within this precession is given by p..(B) = 4a?f3?,
which follows a Lorentzian magnetic field dependence
[see inset of Fig. 2(a)]. The nuclear spin-flip has then a

probability to be transferred to the ground state sublevel
|0,]) by nonradiative intersystem crossing through the
metastable singlet state responsible for electron spin po-
larization of the NV defect [12]. Every subsequent excita-
tion and decay cycles increase spin polarization in state
10, 1).

As long as the precession frequency () is on the same
order or faster than the excited-state decay rate 1/7, the
average probability to flip the nuclear spin in the
excited state is p,(B) = pmax(B)/2. Using 7= 12 ns
and A, =~ 60 MHz [15], this requirement is fulfilled
even at the exact position of the LAC where () is minimal.
All aforementioned arguments hold as well for the crossing
of the levels my; = 0 and m; = —1 when the sign of the
magnetic field is reversed, leading to the probability
p_(B) = p.(—B) for a spin flip from ||) to |1).

Starting with a mixture of ¢|0, |) and 4|0, 1) in the ground
state, the nuclear-spin polarization P defined by Eq. (1)
can be written as P = ¢?> — d?. As rate of polarization k.

and depolarization keq, we assume
ki =d&p.T'=(1—-P)p,I'/2 3)
k. =—-c*p. T=—-(01+P)p_T/2 4)
keq = —kgq? (5)

Here I' is the rate of nuclear-spin-conserving intersystem
crossing from the excited state to the ground state sublevel
|0, 1) and kY, takes into account all forces that are driving
the nuclear-spin polarization to its equilibrium state. For
such simple model, I' depends on the intensity of the laser
which drives the optical transitions. For the steady state,
ki + k_ + k), = 0, leading to

PB) = 5P (6)
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FIG. 3 (color online). (a) Nuclear-spin polarization 7 as a
function of the magnetic field magnitude, while keeping its
orientation along the NV symmetry axis. P is estimated by
recording ODMR spectra and using Eq. (1). The solid line is
data fitting using Eq. (6) with kgq/F as single adjustable pa-
rameter (kgq /T =0.009 = 0.001). (b) Nuclear-spin polarization
P as a function of the magnetic field angle, its magnitude being
fixed at B = 472 G. The solid line is a guide for eyes.
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FIG. 4 (color online). ODMR spectra recorded for a single NV
center with a '>C on the first coordination shell. At small
magnetic field magnitude (B = 60 G), four ESR lines are ob-
served, each line being associated to a given orientation
|15N10rT’ ‘3C10r1> of the nuclear spins. Around the LAC (B =
470 G), N and '3C nuclear spins are both polarized. Note
that the width of the ESR line is bigger for the measurement
performed close to the LAC because of power broadening.
However, such width would be small enough to resolve the
3 MHz hyperfine splitting related to !N (see black dot lines).
Red (or gray) solid lines are data fitting using Lorentzian
functions.

The evolution of polarization P as a function of the
magnetic field magnitude is depicted on Fig. 3(a). The data
are well fitted using the function defined by Eq. (6) and
taking kgq /I as single adjustable parameter. The depen-
dence of P on the magnetic field magnitude is broad,
showing that a precise adjustment of the magnetic field
magnitude to the LAC is not required, e.g., P = 95% for
B = 440 G. Indeed, even small state mixing in the
excited state leads to efficient nuclear-spin polarization
through optical pumping. By saturating the optical transi-
tion, the speed of the polarization process is just limited by
the parameter I" which is on the order of 4 MHz according
to the metastable state lifetime. We also notice that ground
state qubits keep high purity by working at the excited-
state LAC, since mixing of ground state sublevels occurs
around B =~ 1000 G [17]. As a result local quantum op-
erations in the ground state would not require switching off
the magnetic field.

As depicted in Fig. 3(b), the nuclear-spin polarization is,
however, very sensitive to the magnetic field alignment
along the NV axis. Inferring the evolution of the nuclear-
spin polarization as a function of the magnetic field angle
would require more sophisticated numerical simulations of
the NV color center spin dynamics, as all spin states are
partially mixed in that case.

As a final experiment, we demonstrate that the nuclear-
spin polarization method can be extended to more than one
nuclear spin. Figure 4 (upper trace) shows the ODMR
spectrum of a single NV center with a '3C at the first
coordination shell, leading to a hyperfine splitting around

130 MHz in the ground state. In such spectrum, four ESR
lines are observed, each being associated to a given ori-
entation of *C and >N nuclear spins. By increasing the
magnetic field magnitude up to the excited-state LAC, we
observe an efficient polarization of both nuclear spins as
only one ESR line remains visible (Fig. 4 lower trace),
corresponding to a deterministic initialization of a three
qubit quantum register by including the electron spin.
From the data we infer a polarization P = 0.90 = 0.01
for the double nuclear-spin system.

Summarizing, we have demonstrated a new method to
strongly polarize single nuclear spins in diamond at room
temperature, which is experimentally simple to implement
since it is only based on optical pumping. Such robust
control of nuclear-spin states is one of the key ingredients
for further scaling up of nuclear-spin based quantum regis-
ter in diamond [9].
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