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Isolated nuclear spins provide a promising building block for quantum information science, motivating
development of techniques to characterize, control, and detect them in suitable systems. Working with the
nitrogen-vacancy center in diamond, we demonstrate robust initialization, manipulation, and readout of indi-
vidual 13C, 15N, and 14N nuclear spins and identify a mechanism to extend our results to arbitrary magnetic
field environments. These techniques enable precise characterization of nuclear-spin hyperfine parameters and
coherence properties and may pave the way for nuclear-spin-based quantum information architectures in
diamond.
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The long coherence times of nuclear spins have attracted
considerable interest for applications in quantum information
science �1–8�, offering the potential for devices exhibiting
coherent evolution over time scales exceeding several sec-
onds �9�. Nevertheless, scalable control and detection of
single nuclear spins remains an outstanding challenge. Some
of the most promising approaches use electronic spins as an
intermediary to access nuclear spins in solid state
�2–6,10,11� or atomic �7,8� systems. While atomic systems
enable optical preparation and near-perfect isolation of
nuclear spins, nanoscale solid-state systems offer the possi-
bility of manipulating and coupling spins on fast time scales.
Atomlike defects in solids �12–20� offer an intriguing inter-
polation between these approaches, allowing optical tech-
niques in a setting amenable to fast control.

We use the electronic spin of the negatively charged
nitrogen-vacancy �NV�, an atomlike defect, to access indi-
vidual nuclear spins in the diamond lattice. Even at room
temperature, the NV spin is readily polarized and manipu-
lated with optical and microwave fields �21�, yet it can ex-
hibit millisecond coherence times �15,16�. Moreover, its hy-
perfine interactions with nearby nuclear spins have allowed
observation of nuclear-spin precession, entanglement, and
electron-nuclear-spin quantum gates �13,14,16,17�. With
electronic or optical transitions for long-range interactions
and long-lived proximal nuclear spins for quantum memory,
the NV center has become a strong candidate for quantum
computation �12,17,20� and communication �18� applica-
tions.

Three nuclear-spin species commonly interact with the
NV center, offering different properties that lend themselves
to different applications. Experimental manipulation of
nuclear spins associated with the NV center has emphasized
I= 1

2
13C nuclear spins, focusing on the nearest-neighbor lat-

tice sites �13,14,16,17,19�. With a large hyperfine coupling,
nearest-neighbor 13C nuclear spins provide faster interactions
but shorter coherence times �16,17�; like all 13C nuclei, they
occur randomly as isotopic impurities in the lattice. In con-
trast, the 14N and 15N species are weakly coupled �22�, but
they occur deterministically on the nitrogen of the NV center
in natural �14N� and isotope implanted �15N� diamond
�23,24�. Scalable schemes—based, for example, on arrays of
dipole-coupled electron-nuclear-spin pairs or optically con-

nected quantum registers �17,18,20�—are thus likely to favor
the consistent properties of the nitrogen nuclear spins. Fur-
thermore, the longest electron-spin coherence times have
been observed only in highly isotopically purified, unim-
planted diamond �15,16�, in which 13C and 15N spins are
exceedingly rare. These considerations point toward the de-
velopment of control techniques for 15N and 14N as well as
13C nuclear spins.

In this Rapid Communication, we demonstrate dynamic
polarization, resonant manipulation, and optical detection of
single 13C, 14N, and 15N nuclear spins associated with the
NV center in diamond. These techniques do not rely on I
= 1

2 spin properties or weak �selective� electron-spin reso-
nance �ESR�, and give rise to signals as strong as the NV
ESR signal. Moreover, the techniques are related, sharing a
common origin in the nonsecular components of the hyper-
fine interaction: Electron-nuclear-spin flip-flops allow robust
polarization �24�, greatly enhance the Rabi frequency for
nuclear magnetic resonance �NMR� �19�, and enable direct
optical readout of the nuclear spin. These mechanisms are
robust to small magnetic field shifts up to a few gauss, and
we show that it may be possible to extend them to work in
arbitrary magnetic fields.

In our experiments, NV centers in chemical vapor depo-
sition �CVD� –grown high-purity diamond �Sumitomo, natu-
ral isotopic abundance� are isolated using confocal micros-
copy, allowing selection of NV centers with different
proximal nuclear spins. The centers are illuminated by 4 mW
of 532 nm light for polarization and fluorescence detection,
while Helmholtz coils and/or a permanent magnet apply
magnetic fields between 0 and 500 G. Electron-spin transi-
tions are driven by microwaves �MW� via a 25 �m copper
wire mounted on the sample; the same wire carries radio-
frequency �rf� signals resonant with nuclear-spin transitions.

The NV center in diamond has an electronic spin S=1 in
both its ground state �g.s.� and optically excited state �e.s.�
�21�, and both orbital configurations exhibit a zero-field split-
ting between the ms=0 and ms= �1 spin projections along
the NV axis ẑ ��=2.87 GHz �g.s.� or D=1.42 GHz �e.s.��
�23�. The electronic structure of the NV center also includes
at least one long-lived spin singlet state of intermediate en-
ergy that preferentially depopulates the e.s. ms= �1 states
and decays into the g.s. ms=0 state �21�. Under optical illu-
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mination, ms= �1 states can thus cross over to the dark sin-
glet state, reducing their initial fluorescence relative to ms
=0; after a few 100 ns, the metastable state decays, polariz-
ing the electronic spin into ms=0. The singlet state thereby
provides the mechanism for optical polarization and detec-
tion of the electronic spin state �21�.

In certain magnetic fields, optical spin polarization can be
extended to proximal nuclei �23,24�. Near 510 G � ẑ, the e.s.
ms=−1 and ms=0 states become degenerate �see Fig. 1�a��,
allowing electron-nuclear-spin flip-flops to occur near reso-
nantly; repeated cycling through the singlet state thus results
in polarization into ms=0 with maximal mI �see Figs.
1�b�–1�d��. This mechanism was previously used to polarize
15N and nearest-neighbor 13C nuclear spins �24�; we observe
that it polarizes the I=1 species 14N via the two-step process
illustrated in Fig. 1�a�. While non-nearest-neighbor 13C nu-
clei may also be polarized in this manner �see Fig. 1�b��, not
all 13C locations exhibit such polarization �data not shown�
most likely because their hyperfine axes are not aligned in
the ground and excited states �22,25�.

Optical pumping at the excited-state level-anticrossing
�ESLAC� provides the polarization necessary for NMR mea-
surements. Working within the ms=−1 manifold, we measure
the nuclear-spin projection along ẑ as a function of rf fre-
quency and duration �see Fig. 2� and fit our data to the ex-
pected form for square pulse excitation to extract the reso-
nance frequencies �n and Rabi frequencies �n for all three
nuclear-spin species. Observed values of �n are consistent
with published values �22�, but the Rabi frequencies �n
greatly exceed the naive expectation �n= ��nBrf��a few kHz
�we measure Brf�5–10 G�. Indeed, the nuclear-spin nuta-
tion rates are dominated by a second order process involving
an electron-spin flip followed by an electron-nuclear-spin
flip-flop, with �n��nBrf+A�g�BBrf /� �19�. The enhanced

Rabi frequency occurs for all nuclear-spin species, enabling
fast manipulation with low demands on rf power.

The contrast of nuclear-spin nutations shown in Fig. 2 is
as great or greater than the ESR signal because the polariza-
tion and readout mechanisms are robust to electron-spin
dephasing caused by the fluctuating nuclear-spin bath. Ear-
lier nuclear-spin polarization and readout schemes that relied
on nuclear-spin-selective MW pulse�s� to map nuclear-spin
populations onto polarizable and measureable electron-spin
populations �13,16,17� have worked poorly for 15N and 14N
because the nitrogen g.s. hyperfine splittings do not greatly
exceed the electron-spin dephasing rate. In contrast, the large
e.s. hyperfine parameters �A�50 MHz �23,25,26�� permit
the polarization mechanism described above to function over
a range of several gauss �24�, reducing sensitivity to the fluc-
tuating spin bath environment. Moreover, the strong e.s. hy-
perfine interaction also allows robust readout of the nuclear-
spin state: while the ms=0 state with maximal nuclear-spin
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FIG. 1. �Color online� �a� Electronic-spin states of the NV cen-
ter, showing the ESLAC near 510 G. Inset shows hyperfine levels
and transitions for the 14N isotope. �b�–�d� ESR for an
NV center coupled to a proximal nuclear spin in B=65 G �top� and
509 G �bottom�. �b� A third-shell 13C �22,25� exhibits
P=91�5�% polarization at 509 G; parentheses indicate one standard
deviation statistical error in the final digit. �c� 15N: P=95�3�%. �d�
14N: P=95�3�%.
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FIG. 2. �Color online� �a� Pulse sequence. Following polariza-
tion, a MW � pulse drives the system into the g.s. ms=−1 state,
where rf excites nuclear-spin transitions. A second MW � pulse
flips the electron spin back into ms=0, and subsequent fluorescence
detection reveals the average nuclear-spin projection. All data are
taken in a magnetic field of 509 G � ẑ. Data for 13C, 15N, and 14N
are shown in �b,e,h�, �c,f,i�, and �d,g,j�, respectively. �b�–�d� g.s.
energy level diagrams for hyperfine levels; arrows indicate transi-
tions driven by rf and MW; shading indicates the ms=−1 manifold.
�e�–�g� Fluorescence change ��signal-reference�/reference� vs rf fre-
quency. Fitted resonance frequencies are given with one standard
deviation statistical error. �h�–�j� Fluorescence vs rf pulse duration
on resonance with a sinusoidal fit. Short-time data show contrast of
electron-spin nutations for comparison.
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projection fluoresces strongly, electron-nuclear-spin flip-
flops in the excited state cause the other nuclear-spin projec-
tions to pass through the dark singlet state one or more times
during the polarization process, leading to reduced fluores-
cence. To illustrate the readout process, Fig. 3�b� compares
an ESR spectrum with mI=+1 �14N� to one with mI=0 �cre-
ated using an NMR � pulse on the transition indicated in
Fig. 3�a��. The ESR spectra corroborate the nuclear-spin pro-
jection and illustrate a significantly reduced fluorescence
level for mI=0 as compared to mI=1. While our measure-
ments of this effect are aimed at direct nuclear-spin readout,
since our experiments have concluded the same mechanism
has been explored for applications in enhanced electron-spin
measurement �26�.

The preparation, control, and detection techniques de-
scribed above enable straightforward measurement of
nuclear-spin energy levels and coherence properties. As an
example, 14N hyperfine parameters are calculated from NMR
resonance frequencies for 14N within the ms=0 �Fig. 3�d��
and ms=1 manifolds �see Fig. 2�g�; we observe the other
resonance at 6.9580�2� MHz, data not shown�. We thus de-
termine A� =−2.162�2� MHz and P=−4.945�5� MHz for
this NV center, demonstrating an improved precision over
published values �22�. Coherence properties of individual
nuclear spins are also readily obtained: Fig. 3�e� shows a 2
kHz detuned Ramsey fringe experiment on the transition in-
dicated in Fig. 3�a�. Although coherence properties for spe-
cific NV centers will vary with the mesoscopic distribution
of 13C impurities, the long dephasing time T2

�� few ms ob-
served here bodes well for 14N-based schemes. In short,

these techniques open the door for complete characterization
of individual nuclear spins associated with the NV center.

Resonant rf excitation can drive transitions in arbitrary
nuclear-spin species in any magnetic field, but the polariza-
tion and direct readout mechanisms function only in the vi-
cinity of the ESLAC near 510 G. This limitation is severe,
especially for applications requiring optical interconnections
between NV centers �18,20� or stimulated emission-
depletion techniques for subwavelength resolution �27�. Near
the ESLAC, any light used to excite electronic transitions
can destroy information stored in nuclear spins. While mag-
netic field switching techniques developed in the context of
fast field cycling NMR �28� may allow rapid transitions be-
tween two magnetic field regimes, it may also be possible to
induce optical nuclear-spin polarization and readout in arbi-
trary magnetic fields though judicious application of micro-
waves.

In any magnetic field, the electron-nuclear-spin transitions
that lead to nuclear-spin polarization and readout can be
brought into resonance by MW excitation within the e.s.
manifold. However, typically the microwaves will only flip
the electron spin, circumventing hyperfine-induced flip-flops.
To drive the desired transitions, higher-order processes must
prevail: for example, the axial ��ẑ� component of the micro-
wave magnetic field and the nonsecular hyperfine terms can
induce electron-nuclear-spin flip-flops through a second-
order process, while transverse components ��ẑ� of the static
and microwave fields yield similar results through a third-
order process.

We model microwave-induced polarization using the e.s.
Hamiltonian for the �N-V�-14N spin system
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FIG. 3. �Color online� �a� Energy levels for g.s. ms=0 14N
nuclear-spin manipulation. �b� Pulsed ESR spectra starting in
ms=0, mI=1 �top� or ms=0, mI=0 �bottom�. Dashed lines indicate
expected ESR positions for the three hyperfine levels. �c� Nuclear
Rabi nutations within the ms=0 manifold. �d� NMR spectrum
obtained using the pulse sequence illustrated. A fit to the
expected square-pulse line shape yields resonant frequencies
�1 / �2��=5.094�1� MHz and �2 / �2��=4.7908�7� MHz, while the
lower frequency line is deeper owing to the two-step polarization
process for mI=−1. �e� Nuclear Ramsey fringe experiment. The
downward trend is likely due to electron-spin relaxation, which
occurs at a rate T1� few ms at room temperature �14,21�.
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FIG. 4. �Color online� �a� Theoretical transition probabilities
and equilibrium polarization for 14N with B0=50ẑ G,
g�BB1=20ẑ MHz, A=50 MHz, P=−5 MHz, D=1.42 GHz,
�n=0.3077 kHz /G, �e=2.8 MHz /G, �=2.5	, and keq=10−5	.
Resonances are indicated using the notation �ms ,mI	. �b� Same as
for �a�, but with g�BB1=20x̂+20ẑ MHz and B0=40x̂+48ẑ G. The
initial state in each resonance is ms=0, mI=0, −1, or +1; the final
state in each resonance is noted as �ms ,mI	. �c� Polarization of 14N
in B0=40x̂+48ẑ G. Error bars indicate one standard deviation �sta-
tistical�. Insets show ESR signal and fit for specific data points. �d�
Polarization of 15N under the same experimental conditions.
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H = DSz
2 + PIz

2 + �B0 + B1 cos �t� · �g�BS − �nI� + AI · S ,

with a quadrupole splitting P, an isotropic g-factor, and a
contact hyperfine interaction A �25�. We then use Floquet
theory �29� to calculate the probability for each nuclear-spin-
changing transition in the excited state as a function of the
microwave frequency �. In the case of 14N, these probabili-
ties can be incorporated into a three-level rate equation
model because its nuclear-spin quantization axis is unaf-
fected by electronic transitions in moderate magnetic fields.
Multiplying the transition probabilities by an excitation rate
� �for transitions within the ms=0 manifold� or 	 �for tran-
sitions between the ms=0 and ms= �1 manifolds� yields the
transition rates; we incorporate a depolarization rate keq to
complete the model, from which we predict the equilibrium
nuclear-spin polarization P+1− P−1 �24�. The details of this
model will be published elsewhere. Figure 4�a� shows calcu-
lated 14N nuclear-spin-flip probabilities and equilibrium po-
larization for static and oscillatory magnetic fields B0 and B1
oriented along ẑ, while Fig. 4�b� illustrates the same quanti-
ties for off-axis magnetic fields.

Experimental verification of the model is limited by the
geometry of our sample mount to measurements with
B1�45° from the NV axis. Working in a static magnetic
field B0=40x̂+48ẑ, we apply optical excitation and micro-
waves of varying frequency before taking a g.s. ESR spec-
trum. We fit the g.s. ESR signals with three �or two, for 15N�
equal-width Lorentzians and use the depth of the fits to esti-
mate the population in each of the nuclear-spin projections.
We thereby observe a small degree of polarization for both

14N and 15N nuclear spins �see Figs. 4�c� and 4�d��, and our
results in Fig. 4�c� agree qualitatively with the model predic-
tions in Fig. 4�b�.

Although our experiments are currently constrained by
the orientation of B1, our model indicates that precise orien-
tation of B0 and B1 �30� may allow full polarization of 14N
�Fig. 4�a��. Moreover, because each polarization step in-
volves the metastable singlet state, such a polarization tech-
nique will also provide a direct nuclear-spin readout mecha-
nism. With careful engineering, it may be possible to enjoy
the robust nuclear-spin polarization and readout now avail-
able at the ESLAC at arbitrary magnetic fields.

In conclusion, we have demonstrated initialization, ma-
nipulation, and direct readout of nuclear spins associated
with the NV center in diamond and proposed a mechanism to
extend these techniques to other magnetic field regimes.
Such control over nuclear spins has ramifications for a broad
range of applications in quantum information science. More-
over, these techniques enable measurements of nuclear-spin
parameters, interactions, and coherence properties that may
guide development of future nuclear-spin-based devices.

Note added. Recently, similar work was reported �26�.
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