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High-resolution spectroscopy of single NV defects coupled with nearby *C nuclear spins in diamond
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We report a systematic study of the hyperfine interaction between the electron spin of a single nitrogen-vacancy
(NV) defect in diamond and nearby '*C nuclear spins, by using pulsed electron-spin resonance spectroscopy.
We isolate a set of discrete values of the hyperfine coupling strength ranging from 14 MHz to 400 kHz and
corresponding to '*C nuclear spins placed at different lattice sites of the diamond matrix. For each lattice site,
the hyperfine interaction is further investigated through nuclear-spin polarization measurements and by studying
the magnetic field dependence of the hyperfine splitting. This work provides information that is relevant for the
development of nuclear-spin-based quantum register in diamond.
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I. INTRODUCTION

Owing to its outstanding optical and electron-spin prop-
erties, the negatively charged nitrogen-vacancy (NV) color
center in diamond has recently emerged as a promising
candidate for a broad range of applications including quan-
tum information processing (QIP),'” photonic devices,*®
hybrid quantum systems,””'! nanoscale magnetometry,'>
and imaging in life science.'®!” For QIP applications, coherent
interactions of the NV defect with nearby nuclear spins
of the diamond lattice provide a fertile resource for the
realization of universal quantum gates,' quantum registers,
and multipartite entangled states.’ For such experiments,
individual nuclear spins are read out optically by coherently
mapping their states onto the NV defect electron spin, which
can be efficiently polarized and read out with a long coherence
time, even at room temperature.l&19

Two nuclear-spin species commonly interact with the NV
defect, namely the intrinsic nitrogen atom of the defect and
3C atoms placed randomly in the diamond lattice. The
hyperfine interaction between the NV defect electron spin
and its nitrogen atom has been extensively characterized over
the last years, both for native NV defects associated with '“N
atoms and for implanted NV defects with '*N isotopes.?® Since
the nitrogen nuclear spin occurs deterministically, it could be
used as a robust memory qubit for scalable architectures of
diamond-based quantum information protocols. In addition,
because the nitrogen nuclear spin shares its symmetry axis
with the NV defect, single-shot readout measurements can be
achieved at room temperature.’! In contrast, '*C nuclear spins
occur randomly in the diamond lattice and can be used as
a platform for studying the coherent dynamics of multi-spin
systems as well as for increasing the number of qubits in
diamond-based quantum registers.

In this paper, we report a systematic study of the hyperfine
interaction between single NV defects and individual '3C
nuclear spins. Using pulsed-ESR spectroscopy, we analyze the
possible hyperfine coupling strengths induced by '3C placed
at different lattice sites of the diamond matrix. Excluding the
well-known 130 MHz splitting linked to '3C placed in the
nearest neighbor lattice sites of the vacancy,’®*? we focus on
lattice sites corresponding to hyperfine splittings ranging from
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14 MHz to 400 kHz. For each lattice site, properties of the '3C
hyperfine tensor are inferred by using nuclear-spin polarization
measurements and by studying the magnetic field dependence
of the hyperfine splitting. This work, which completes a recent
work by Smeltzer et al .3 is relevant for the realization of
multipartite entangled state among multi-nuclear-spin systems
as well as for extending single shot readout measurements
recently observed on the N nuclear spin.?!

II. SINGLE NV DEFECTS COUPLED WITH NEARBY
NUCLEAR SPINS THROUGH HYPERFINE
INTERACTION

A. Experimental arrangement

The negatively charged NV defect in diamond consists of
a substitutional nitrogen atom (N) associated with a vacancy
(V) in an adjacent lattice site of the diamond matrix. Its ground
state is a spin triplet S = 1 with an intrinsic spin quantization
axis provided by the NV defect symmetry axis (z) and a zero-
field splitting Dy = 2.87 GHz between my = 0 and m; = %1
spin sublevels [Fig. 1(a)].>#* The excited state is also a spin
triplet, associated with a broadband and perfectly photostable
red photoluminescence (PL), which enables optical detection
of single NV defects using confocal microscopy.® Besides,
the excited state is an orbital doublet which is averaged
at room temperature,?’-?® leading to a zero-field splitting
D,; = 1.42 GHz with the same quantization axis and similar
gyromagnetic ratio as in the ground state (g, ~ 2)." Ra-
diative transition selection rules associated with the spin state
quantum number provide a high degree of spin polarization in
the m; = 0 sublevel through optical pumping. In addition, the
PL intensity is significantly higher when the m; = O state is
populated, allowing the detection of electron-spin resonances
(ESR) on a single NV defect by optical means.?®

We investigate native NV defects in an ultra-pure synthetic
type Ila diamond crystal grown using a microwave-assisted
chemical vapor deposition (CVD) process (Element 6). In such
a sample with a natural abundance of '3C isotope (1.1%), the
typical coherence time T3 of the NV defect electron spin is
on the order of a few us, corresponding to an inhomogeneous
dephasing rate y;° on the order of a few hundreds of kHz.'®:!°
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FIG. 1. (Color online) (a) Energy-level diagram of the NV defect
as a function of the amplitude of a static magnetic field B applied
along the NV defect axis. (b) Hyperfine structure of the m, =0
and m; = —1 ground-state manifolds for a NV defect coupled to
its "N (nuclear-spin projection #;ev) and a single '*C (nuclear-spin
projection m ;). The energy level scheme is given for a positive 1*C
hyperfine splitting, i.e., A, > 0, and considering that off-diagonal
components of the *C hyperfine tensor are negligible. ESR spectra
exhibit six nuclear-spin conserving transitions (red arrows). All
notations are defined in the main text. (c)—(e) ESR spectra recorded
for a single NV defect coupled to its '*N and (c) zero, (d) one, and
(e) two nearby '3C. The blue values indicate the corresponding
hyperfine splittings and solid lines are data fit with Gaussian
functions. For this experiment, a magnetic field B ~ 20 G is applied
along the NV defect axis in order to lift the degeneracy of the m, = £1
electron-spin sublevels. For a magnetic field amplitude B =~ 510 G,
a level anticrossing (LAC) in the excited-state [highlighted in (a)]
induces nuclear-spin polarization such that only two nuclear-spin
conserving transitions are observed, as indicated with bold arrows in
(b) (see Fig. 5).

Individual NV defects are optically addressed at room
temperature using a confocal microscope combined with a
photon-counting detection system. A permanent magnet is
used to apply a static magnetic field along the NV defect
axis, while ESR transitions are driven with a microwave field
applied through a copper microwire directly spanned on the
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diamond surface. High-resolution ESR spectroscopy of single
NV defects coupled by hyperfine interaction with nearby '3C
nuclear spins is achieved through repetitive excitation of the
NV defect with a resonant microwave m-pulse followed by
a 300-ns readout laser pulse.’’ ESR spectra are recorded
by continuously repeating this sequence while sweeping the
m-pulse frequency and recording the PL intensity. Owing to
spin-dependent PL of the NV defect, ESR is evidenced as
a drop of the PL signal [Fig. 1(c)]. For all the experiments,
the microwave power is adjusted in order to set the m-pulse
duration between 2 and 3 us, as verified by recording electron-
spin Rabi oscillations. The m-pulse duration is thus on the
order of the NV defect electron-spin coherence time. In this
situation, the ESR profile is Gaussian and its linewidth is given
by the inhomogeneous dephasing rate y,° of the NV defect
electron spin, since power broadening is fully canceled in the
measurement.’!

B. Spin Hamiltonian

We consider single NV defects associated with native N
isotopes (99.6% abundance), corresponding to a nuclear spin
I™ = 1. For a magnetic field B applied along the NV defect
axis, the ground-state spin Hamiltonian in frequency unit reads
as

Ho = Dy 57 + 7. BS. + y M BI™ + Oy (I™)?
+S'AN'i(N)» (1)

where Qn = —5.01 MHz is the N quadrupole splitting,*°
Ay its hyperfine tensor, and y, (resp. y,N) is the electron-
spin (resp. '*N nuclear spin) gyromagnetic ratio. The '“N
hyperfine tensor has been extensively characterized over the
last years and leads to a splitting of AT = —2.16 MHz between
ESR frequencies associated with different '*N nuclear-spin
projections.’ For single NV defects without any strongly
coupled 3C nuclear spins, the ESR spectrum thus always
exhibit three hyperfine lines [Figs. 1(b) and 1(c)].

When a neighboring lattice site of the NV defect is occupied
by a '3C isotope, corresponding to a nuclear spin 1© = 1/2,
the spin Hamiltonian becomes

H =Ho+ B[O +8§- Ac -1°, )

where y, is the gyromagnetic ratio of the '*C nuclear spin and
Ac its hyperfine tensor defined by

Axx Axy sz
Ac=1Ax Ay Ay . 3)
-Azx Azy Azz

In the secular approximation, i.e., neglecting Sx and S'y terms,
this Hamiltonian simplifies as

H=Ho+y,BLO+ 8.3 AL @

For clarity purposes, we restrict the study to the m; = 0 and
my = —1 electronic spin manifolds with a fixed '*N nuclear-
spin projection, e.g., m;~ = +1. All the results are identical
while considering the two other '*N nuclear-spin projections.
In the basis {|m,.mze)} = {10.4):10,—1);|=1.4);|=1,— 1))
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and considering A, > 0, the Hamiltonian described by
equation (4) can be written as

ub 0 0
o 0 -—uf 0 0 )
- 0 0 Y — -Az:;ynB _%efiqﬁ ’
0 _Aznd ei(Z) E + Azz;VnB
where
Ang = A2, + A2,
Y =Dy —v.B— Al (6)
tang = ==

XZ

We note that the '“N nuclear Zeeman splitting and the '“N
quadrupole splitting are ignored in Eq. (5) since they only
introduce a global shift of the energy levels. In this framework,
the eigenenergies of the NV defect electron spin coupled by
hyperfine interaction with a single '*C nuclear spin are given by

wB
v = +VT 7)
. B
v = —Vz ®)
1
V== 2 A+ (A — B ©)
v4:2+1\/,42 + (A.. — yuB)? (10)
) nd 44 n s

and the associated eigenstates can be written as
1>
0,-
2
1
[Y2) = 0,—5
0 1 0\ - 1
[¥3) = |+) = cos <§> ‘—1,5> + sin <5)e‘¢ _1’_§>
| 1 n 0 i 1
—-1,= cos| = }|—1,—=
2 2 2

ang = — A (11)
Azz - VnB

V1) =

Allowed (T13,T>4) and forbidden (T14,7»3) electron-spin
transition frequencies are therefore given by

1 vnB

T =% - 5\ A+ (A — B2 - 222 (12)
1 vnB

Ty =3+ E\/Aﬁd + (A= B+ T (1)
1 Yn B

T14=2+§\/A§d+(Azz_ynB)2_T (]4)

1 Vn B
Tn =% - S\ A+ (A B2+ 222 (15)
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where the numbering is determined by the corresponding
energy levels, T, = vy — v;.

If | A,, — y,B| and A4 have the same order of magnitude,
four electron-spin transitions can thus be observed for each
N nuclear-spin projection, with a relative intensity between
forbidden and allowed transitions given by tanz(%). When
A.. = yuB, i.e.,, when 6 = 7/2, the amplitudes of allowed
and forbidden electron-spin transitions are identical. This
particular case is experimentally observed and analyzed in
Sec. III B (Figs. 3 and 4).

In the limit where | A,, — ¥, B| > Au4, i.., when the angle
6 approaches zero,

Y1) = 0.5)

¥2) = 0, = 3)

[¥3) = |-1.3)

V) = =1, = 3).
In this situation, the '3C nuclear-spin projection along the NV
defect axis is identical in the m; = 0 and my; = —1 electronic

spin manifolds and only two nuclear-spin conserving transi-
tions can be observed (73 and 734). By considering all the 4N
nuclear-spin projections, the ESR spectrum thus exhibits six
nuclear-spin conserving transitions as schematically depicted
in Fig. 1(b).

III. EXPERIMENTAL OBSERVATIONS

A. Low magnetic field hyperfine splittings

We first study the possible values of hyperfine splittings
induced by nearby '3C nuclear spins for a low magnetic field
magnitude (B ~ 20 G) applied along the NV defect axis. In
this condition, the nuclear Zeeman term can be neglected
(Ty3 = T3, Toy = T14) and the 13C hyperfine interaction leads
to a splitting

AE(@20G) = Tpy — Tj3 = i\/«m

between ESR frequencies associated with different '3C
nuclear-spin projections, with a sign given by the one of the
A, component [Fig. 1(b)].

A systematic study of the '3C hyperfine coupling strength
was realized by performing pulsed-ESR spectroscopy on a
set of roughly 400 single NV defects. Even though most of
the ESR spectra only show the three hyperfine lines linked
to the '*N nuclear spin [Fig. 1(c)], the subset (*25%) of
NV defects strongly coupled to one (resp. two) *C nuclear
spin exhibit six (resp. twelve) resonance lines [Figs. 1(d)
and 1(e)]. From each ESR spectrum, the hyperfine splitting
between the '3C manifolds was extracted from a fit with
Gaussian functions, constrained to have the same linewidth
and amplitude, and with a fixed splitting between '*N hyperfine
lines (A" = —2.16 MHz).

As shown in Fig. 2, the '3C hyperfine splittings are
distributed over a set of discrete values corresponding to
different lattice sites of the diamond matrix. Following the
notations introduced in Ref. 23, hyperfine splittings such that
A’C” > 2 MHz are labeled from A to H, corresponding to
possible lattice sites inferred from ab initio calculations.>>3*
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FIG. 2. (Color online) Distribution of '*C hyperfine splittings
observed for a set of roughly 400 single NV defects at low magnetic
field (B ~ 20 G). The well-documented®*?> 130 MHz splitting linked
to a 3C placed in the nearest neighbor lattice sites of the vacancy is not
represented. The capital letters denote the lattice sites corresponding
to a given hyperfine splitting. The dashed red lines represent the mean
value of each '3C family (A to O) and error bars represent estimated
errors in ESR spectra fit with a 95% confidence interval. For a given
13C family, the small dispersion of the hyperfine splittings is attributed
to local paramagnetic defects, which could shift the nuclear-spin
levels. The mean of the hyperfine splitting associated with each *C
family are summarized in Table 1.

Smaller hyperfine splittings are arbitrarily denoted from I to
O, but no correspondence with a specific lattice site of the
diamond matrix is currently available, since the accuracy of
ab initio calculation is hardly better than a few hundred kHz.
We note that '3C families are sorted according to the strength
of the hyperfine coupling and by their polarization response
at the excited-state level anticrossing (LAC), as analyzed in
details in Sec. III C.

For a few single NV defects, the inhomogeneous dephasing
rate y;° was small enough to detect hyperfine splittings below
300 kHz, labeled W in Fig. 2. Within our statistic, it is not
possible to clearly identify common lattice sites for such
weak couplings. However, the possible discrete values of
the hyperfine splittings should reach a quasicontinuum when
the °C is placed far away from the NV defect because
many different lattice sites might exhibit similar hyperfine
coupling strengths. A more systematic study of weaker '3C
hyperfine splittings could be pursued by using a CVD-grown
diamond isotopically enriched with '>C atoms, in which the
inhomogeneous dephasing rate of the NV defect electron
spin can reach a few tens of kHz.!®!° The drawback would
obviously be a lower rate of detection of '*C nuclear spin per
single NV defect.

The mean of the hyperfine splitting associated with each
13C family is summed up in Table I. We note that for families
A to G, the results are in good agreement with recent single
site measurements.>
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TABLE I. Summary of hyperfine splittings A% measured at B =
20 G and at B = 510 G. The last column indicates for each '*C family
the polarization efficiency /P measured at the excited-state LAC using
pulsed-ESR spectrocopy, i.e., with an optical pumping duration of
300 ns. Numbers between parenthesis indicate the standard deviation
on the last digit for a number of NV centers that is given between
square brackets.

Al (@20 G) Als(@ 510 G)

13C family [MHz] [MHz] P (%]

A 13.78 (9) [4] 13.695)[3] 52 (20) [3]
B 12.8 (1) [4] 12.73 (1) [3] 53 (13) [3]
C —9.0 (1) [6] —8.9(2) [4] — 56 (8) [4]
D —6.6(1)[18] —6552)[6]  —65(10)[6]
EF 412 8) [11] 421 8) [3] 43 (6) [3]
G 2.55(6) [10] 2.54 (3) [4] 34 (6) [4]
H 2.09 (8) [3] 2.15 (4) [3] 54 (4) [3]
I 1.13 (2) [8] 1.20 (6) [2] 0(1) 2]

J —1.03 (3) [3] —0.99 (1) [2] —3(1)[2]
K 0.95 (2) [7] 0.92 (7) [3] 60 (8) [3]
L 0.85 (1) [4] 0.86 (3) [3] 1(1)[3]
M —0.70 (3) [4] —0.69 (2) [3] —4(4) [3]
N 0.56 (3) [4] 052 (2) 2] 24 [2]
(0] 0.43 (2) [3] 0.40 (2) [3] 13 (7) [3]

B. Effect of off-diagonal components of the hyperfine tensor

With the aim of observing the effects of anisotropic
components of the hyperfine tensor, the '*C coupling strengths
were first measured while applying a magnetic field near
B =510 G along the NV defect axis. In this situation, the
hyperfine splitting between allowed electron-spin transitions
(T3 and T»y) is given by

AL (@510 G) = \/Aﬁd + (A — ¥aB? + vuB.

As summarized in Table I, most '*C hyperfine splittings are
identical within the error bars at low and high magnetic fields.
However, for some 3C lattice sites, e.g., for families E and
I, their relative differences becomes significant, which is an
indication that anisotropic components of the hyperfine tensor
lead to a different nuclear-spin projection along the NV defect
axis in the my; = 0 and m; = —1 electronic spin manifolds.

In the limit where the components |A,, — y,B| and A,q
reach the same order of magnitude, forbidden electron-spin
transitions (774 and T»3) can even be identified in the ESR
spectrum. This situation is observed for single NV defects
coupled with '*C belonging to family I, as depicted in Fig. 3.
At low magnetic field, since Tj3 = T3 and T4 = Ty4, only
two '3C hyperfine transitions can be observed for each '“N
nuclear-spin projection [Fig. 3(a)]. When the magnetic field
magnitude increases, forbidden transitions appears in the ESR
spectrum [Figs. 3(b) and 3(c)]. The frequencies of forbidden
and allowed electron-spin transitions were measured as a
function of the magnetic field magnitude [Fig. 4(a)]. Data
fitting with Egs. (12)—(15) allows us to extract A,, = 1.02 (2)
MHz and A,4 = 0.51 (2) MHz. In addition, plotting T3 — Ti3
as a function of the magnetic field allows measurement of the
3C nuclear-spin gyromagnetic ratio y, = 1.07 (1) kHz.G~!
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FIG. 3. (Color online) (a) Typical ESR spectrum recorded at low
magnetic field (B = 20 G) for a single NV defect coupled with a
single '*C nuclear spin belonging to family I (A% = 1.12 MHz).
(b) Zoom on the hyperfine transitions associated with a N
nuclear-spin projection m;~ = +1. Forbidden electron-spin tran-
sitions (723,714) appear in the ESR spectrum when the magnetic
field magnitude is increased. (c) Energy level structure of the
my = 0 and m; = —1 ground-state manifolds for a '“N nuclear-spin
projection m;~ = 1. Solid (resp. dashed) arrows indicate allowed
(resp. forbidden) electron-spin transitions. All notations are defined
in the main text.

[Fig. 4(b)], which is in perfect agreement with the value
inferred from nuclear magnetic resonance measurements.>>

The relative intensity R between forbidden and allowed
electron-spin transitions was estimated by measuring the ratio
between the integral of the ESR line at frequency 7,3 and
T3 [Fig. 4(c)]. As expected, R ~ 1 when A,, = y,,B, i.e.,
when B A~ 950 G. In this situation, & = /2 and the '3C
nuclear quantization axis is perpendicular to the NV defect
axis in the my; = —1 electron-spin manifold. We note that this
system provides an efficient A-scheme that could be used
for coherent population trapping of a single nuclear spin and
electromagnetically induced transparency experiments in the
microwave domain.*®

C. Polarization efficiency through optical pumping
at the excited-state LAC

Hyperfine interactions with nearby 3C were further investi-
gated by measuring their polarization efficiency at the excited-
state LAC, while applying a static magnetic field near 510 G
along the NV axis [Fig. 1(a)]. In this configuration, electron-
nuclear-spin flip-flops mediated by hyperfine interaction in
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FIG. 4. (Color online) (a) Frequencies of forbidden (733,714)
and allowed (713,724) electron-spin transitions as a function of the
magnetic field magnitude. Solid lines are data fits using Eqgs. (12)-(15)
with A, and A, as fitting parameters. (b) T>3 — T3 as a function of
the magnetic field magnitude. The black dashed line is data fit with a
linear function, from which the *C nuclear-spin gyromagnetic ratio
v, = 1.07 (1) kHz.G™! is extracted. (c) Relative intensity R between
forbidden and allowed electron-spin transitions as a function of the
magnetic field. The dashed line is the theoretical expectation R =
tanz(g), where 6 is defined by Eq. (11) with A,, = 1.02 MHz and
Ang = 0.51 MHz. The slight deviation of experimental data points
is attributed to an imperfect microwave m-pulse in the pulsed-ESR
spectroscopy scheme.

the excited state can lead to an efficient polarization of nearby
nuclear spins in their highest spin projection along the excited-
state electron-spin quantization axis (z).*>37-3 Provided that
the nuclear-spin projection along the z axis is identical in the
ground state and in the excited state, nuclear-spin polarization
is transferred to the ground state by nonradiative intersystem
crossing through metastable singlet states responsible for
electron-spin polarization.>* The efficiency of such a process
is linked to several parameters. First, the polarization P is
reduced if the nuclear-spin quantization axis differs in the
ground and in the excited state, as expected for a hyperfine
tensor with different principal axis in the ground and in the
excited states.>* For a nuclear spin that possesses an identical
quantization axis, the polarization efficiency is also decreased
if this axis is not the same as the electron-spin quantization
axis, i.e., if anisotropic components of the hyperfine tensor play
a significant role in the nuclear-spin dynamics, as observed in
the previous section for '*C of family I.

Since the '*N nuclear-spin quantization axis is parallel to
the NV defect axis, perfect polarization is achieved in the
mm = 1 sublevel through optical pumping at the excited-state
LAC.3237-38 The ESR spectrum of a single NV defect coupled
with a single '3C nuclear spin thus only exhibits two hyperfine
lines at the excited-state LAC, associated with the two different

134107-5



DREAU, MAZE, LESIK, ROCH, AND JACQUES

(@ [20G  Family D (b) Family H
El 3
< : S,
N PO -
510 G
-4 0 4 6 -4 -2 0 2 4 6
Relative frequency [MHz] Relative frequency [MHz]
(0 |, Family J (d) Family K
. »’y’ . -,
— _|2oa *
S ]
- —
o o
4 2 0 2 4 4 2 0 2 4

Relative frequency [MHz] Relative frequency [MHz]

=

100

S
[y
: ii il i
o
& C D 1 J M
T 0 == mﬁéh
S A B E;F G H K L N O
5 50
&
o
o -100
=)
() S,
— 9]
=} 2
S, g
: E
[$]
[0
Q.
0 1 2 3 3 @

Free precession time [us]

Frequency [MHz]

FIG. 5. (Color online) (a)—(d) Typical pulsed-ESR spectra
recorded at low magnetic field (B = 20 G) and at the excited-state
LAC (B = 510 G) for single NV defects coupled by hyperfine
interaction with a single '*C belonging to family (a) D, (b) H,
(c) J, and (d) K. The "N nuclear spin is perfectly polarized while
the polarization efficiency of nearby '*C strongly depends on the
lattice site. (e) Polarization efficiency of a set of single NV defects
coupled with different families of '*C. We note that these results
are obtained by using pulsed-ESR spectroscopy, i.e., with an optical
pumping duration of 300 ns. Positive polarization (resp. negative)
indicates a positive (resp. negative) hyperfine splitting. Within each
13C family, the variation of polarization efficiency is attributed to
misalignment of the magnetic field along the NV defect axis. The
mean polarization efficiency for each *C family in given in Table 1.
(f) Free induction decay recorded for the same NV defect as in (d) at
the excited-state LAC and for an optical pumping duration of 3 us. A
single line is observed in the Fourier transform, which is the signature
of nearly perfect polarization of the '*C nuclear spin.

13C nuclear-spin projections [Figs. 1(b) and 5(a)-5(d)]. For
each family of 13C, the polarization efficiency PP was measured
as the difference between the integral of each '*C hyperfine
line divided by their sum. We note that the amplitude of ESR
dips is also affected by the difference in electron-spin readout
contrast for the two '*C nuclear-spin orientations when spin
flip-flop processes occur in the excited state.*?

PHYSICAL REVIEW B 85, 134107 (2012)

Since all possible *C lattice sites have different hyperfine
interactions with the NV electron spin, each '3C family exhibits
different polarization behavior [Figs. 5(a)-5(e)]. For hyperfine
splittings larger than 2 MHz (families A to H), only partial
nuclear-spin polarization is achieved, which qualitatively
demonstrates that the nuclear-spin quantization axis might
differ in the ground and in the excited state, as predicted
by ab initio calculations.’3* In addition, the nuclear-spin
quantization axis is not the same as the electron-spin axis
because none of these '3C families correspond to a lattice site
along the NV defect axis.?®> Beyond documenting qualitatively
the relative orientation of the '3C, nuclear-spin polarization
measurements also indicate the sign of the hyperfine coupling.
Indeed, nuclear-spin polarization into the lowest (resp. highest)
13C hyperfine frequency indicates that the hyperfine splitting
is positive (resp. negative), which corresponds to a lattice site
where the NV defect electron-spin density is positive (resp.
negative) [Figs. 5(a) and 5(b)].

For *C with a hyperfine splitting smaller than 2 MHz
[Figs. 5(c) and 5(e)], almost no polarization is observed, except
for family K for which a high level of polarization (~60%)
is evidenced in pulsed-ESR spectra [Fig. 5(d)]. However, for
such a weak hyperfine interaction (0.95 MHz), the polarization
efficiency can be limited by the optical pumping duration,
since the probability of electron-nuclear-spin flip-flop per
optical cycle is given by the strength of the excited-state
hyperfine interaction. In the pulsed-ESR spectroscopy scheme,
the optical pumping duration is set at 300 ns in order to
optimize the ESR contrast,! which could be too short to reach
the steady state of nuclear-spin populations. In order to check
if nuclear-spin polarization can be improved while increasing
the optical pumping duration, the polarization efficiency was
estimated by using the Fourier transform of free-induction
decay (FID) measurements. For that purpose, Ramsey fringes
were recorded by using the standard sequence consisting of a
3-us laser pulse, used both for optical pumping and spin-state
readout, followed by two microwave 7 /2-pulses separated by
a variable free evolution duration . A typical FID signal
recorded at the excited-state LAC for a single NV defect
coupled with a 3C belonging to family K is shown in Fig. 5(f).
The Fourier transform of the FID shows a single line, which
is the signature that the '*C nuclear spin is fully polarized.
This result might indicate that (i) the hyperfine tensor has an
identical principal axis in the ground state and in the excited
state, and (ii) that the nuclear-spin quantization axis is parallel
to the electron spin. Family K could thus correspond to a
13C placed on a lattice site along the NV defect axis, which
shares the symmetry of the NV defect. Such '*C could be
an interesting candidate for extending single shot readout
measurements recently observed on the '“N nuclear spin at
room temperature.21

IV. CONCLUSION

Using pulsed-ESR spectroscopy, we have reported a sys-
tematic study of the hyperfine interaction between the electron
spin of a single NV defect in diamond and nearby '*C
nuclear spins. We have isolated a set of discrete values of the
hyperfine coupling strength ranging from 14 to 400 kHz and
corresponding to '*C nuclear spins placed at different lattice
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sites of the diamond matrix. Nuclear-spin polarization mea-
surements suggest that one of the reported hyperfine splittings
corresponds to a '3C placed on a lattice site along the NV
defect axis. This work provides important information for the
development of nuclear-spin-based quantum registers in dia-
mond. In addition, the set of '*C hyperfine splittings combined
with their polarization behaviors, can be used for checking ab
initio calculations of the NV defect spin density.>*3*
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