PRL 106, 157601 (2011)

PHYSICAL REVIEW LETTERS

week ending
15 APRIL 2011

Dark States of Single Nitrogen-Vacancy Centers in Diamond Unraveled by Single Shot NMR
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The nitrogen-vacancy (NV) center in diamond is supposed to be a building block for quantum
computing and nanometer-scale metrology at ambient conditions. Therefore, precise knowledge of its
quantum states is crucial. Here, we experimentally show that under usual operating conditions the NV
exists in an equilibrium of two charge states [70% in the expected negative (NV ™) and 30% in the neutral
one (NV?)]. Projective quantum nondemolition measurement of the nitrogen nuclear spin enables the
detection even of the additional, optically inactive state. The nuclear spin can be coherently driven also in

NVO (T, =90 ms and T, = 6 ws).
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Electron and nuclear spins of the nitrogen-vacancy (NV)
color center in diamond are promising candidates for solid
state quantum information processing [1-8] and field sens-
ing at the nanometer scale under ambient conditions [9,10].
It consists of a substitutional nitrogen atom next to a lattice
vacancy and, if negatively charged, exhibits an electron
spin triplet ground state with very favorable coherence
properties [11-13]. Furthermore, electron and nuclear
spins can be efficiently initialized and read out optically
even at room temperature.

By optically pumping with laser light in the green spec-
tral range, the NV~ center is initialized into the mg = 0
spin sublevel of its triplet (S = 1) ground state. It is
this state that exhibits a higher fluorescence rate than the
myg £ 1 states which is vital for optical spin state detection.
At the same time, the electronic spin is polarized to a
degree far beyond thermal equilibrium which is a necessity
for quantum computing and magnetometry. All these fea-
tures belong to the negative charge state of the NV center
which is referred to as the “‘bright state” in the rest of this
Letter [Fig. 3(a)]. However, the NV center can also be
present in different charge states. Depending on the
Fermi level, other charge states can be more stable such
as the neutral one (NV°), which is associated with fluores-
cence with a zero phonon line at 575 nm and a phonon
sideband up to 700 nm [14]. It was shown that laser
irradiation can induce interconversions between NV~ and
NV? [15,16]. Furthermore, recently a long-living (150 s)
“dark state” was observed [17], which was proposed to be
a metastable singlet state of NV ™. Owing to applications
such as quantum bit, the precise characterization and con-
trol of the NV center initial state is crucial.

In this Letter, we show that quantum nondemolition
(QND) measurement of single nitrogen nuclear spins at
room temperature can be used to probe different charge
states of the NV center. We provide a quantitative analysis
of populations in different NV center charge states. It will
turn out that next to the negative charge state (bright state)
the NV center resides a substantial amount of time in the
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dark state. Although it is optically inactive, it can be
detected by the characteristic hyperfine coupling to the
nuclear spin.

The experimental setup consists of a homebuilt room
temperature microscope adapted for single spin magnetic
resonance. It allows projective readout of a single nuclear
spin in a ‘“‘single shot” and initialization of the spin in a
desired pure state as recently discovered [18]. Thus, now
we are able to correlate the absolute numbers of attempts to
flip a spin and real spin flips. The experiments have been
performed on several single, natural abundant NV
centers in bulk and nanodiamonds (average size: 50 nm).
Figure 1(a) shows a typical Rabi oscillation of the '“N
nuclear spin (/ = 1). The vertical axis shows the probabil-
ity for a spin flip induced by radio frequency (rf). The
limited readout and initialization fidelity F reduce
the contrast of measurement symmetrically (i.e., full oscil-
lations start at 1 — F2? and go up to F?). Remarkably, the
visible oscillations are not symmetric with respect to the
50/50 spin flip probability line indicating that in 30 = 3%
(for all investigated N'Vs) of all cases the radio frequency
does not flip the nuclear spin even for well adjusted 7
pulses and high Rabi frequencies. This is because the
nuclear spin is out of resonance in the latter cases. We
attribute this effect to the NV center being in an unknown
state (which might also be another charge state) with a
different hyperfine field.

To identify this state, NMR spectra are taken for single
NV centers with nitrogen isotopes '“N (/ = 1) and °N
(I = 1/2) by performing the following sequence: (1) QND
nuclear spin state initialization into m; = 0 (**N) or m; =
+1/2 (N), (2) nuclear spin 7 pulse, and (3) QND nuclear
spin readout [see Fig. 1(b)]. The applied magnet field was
B = 0.6 T. This procedure is repeated for a range of NMR
frequencies and results in the spectra shown in Fig. 1(c).
They show strong lines corresponding to nuclear spin flips
of the NV~ defect in its mg = O state (two lines for '*N and
a single line for 1°N). Additionally, weaker lines are ob-
served (marked by arrows) that belong to the unknown
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FIG. 1 (color online). (a) Nitrogen nuclear spin Rabi oscilla-
tion (NV™, mg = 0). The fidelity F reduces the achievable
contrast (— 100% population) by the dark gray regions. The
even smaller Rabi amplitude is because of some population that
is not in the NV~ mg = 0 state (light gray region). (b) QND
initialization and readout of nuclear spin state: Microwaves
(mw) manipulate the electron spin, and a green laser (L,
532 nm) reads it out and polarizes it into mg =0 [18]. A
resonant rf 7r pulse flips the nuclear spin. (c) NMR spectra
showing transition frequencies of the '*N and '*N nuclear spin
for different NV center states. The corresponding quantum
numbers m; for each transition are given. Dark state NMR
transitions are marked with orange arrows; other lines belong
to the bright state mg = 0. Gray lines with stars mark expected
transitions in the dark state (see text). (d) Energy level scheme of
NV center nuclear spin in the dark state. NMR transitions among
spin states are marked with orange lines [arrows in (c)].
Hyperfine interaction A f and quadrupole splitting Q are marked.
The gray dashed lines mark the energy levels for a reversed
hyperfine field [stars in (c)].

state. From their spectral position and their dependence on
the magnetic field, the nuclear spin energy level diagram in
the unknown state can be deduced [Fig. 1(d)]. This reveals
hyperfine (4f) coupling to an electronic magnetic moment
M which does not match the hyperfine coupling within the
S = 1 manifold of the NV~ ground state. Surprisingly,
we see hyperfine coupling to only one projection of M
(my; = w). This might be due to a polarized magnetic
moment; however, we do not know the polarization mecha-
nism. At fields lower than 0.4 T also the other lines corre-
sponding to m,; = — u start to appear, which indicates a
M = 1/2 system. In addition, we have observed that the
lifetime of this unknown state is > 1 s. Hence, we con-
clude that this state is a ground or long-living metastable
state.

The hyperfine coupling constants @ in the unknown state
are deduced according to hf = amy;Am;, where hf is the

hyperfine induced frequency splitting between two nuclear
spin projections [ = 1 for >N and =1 for '*N; cf. Fig. 1(d)]
and m,y, is the projection of M. For N we find
|aysnmy| = 4.242 MHz, and for "N we find |a4nmy, | =
3.03 MHz (in the case of M = § = 1, this yields |a;sy| =
8.484 MHz and |a 4x| = 6.06 MHz). In addition to hyper-
fine coupling, N exhibits a quadrupole splitting
between nuclear spin projection m; = 0 and m; = =1 of
Q = —4.654 MHz [Fig. 1(d)].

The values above are on the same order as for the NV~
center in its triplet ground state. It is expected that hyper-
fine coupling to any electron spin in the e, orbitals of
the NV center would be in this range (e.g., S = 1 of NV,
S =1/20fNV>~,or S = 1/2 of NV [19,20]). Hence, the
unknown state might be the ground state of another charge
state of the NV center exhibiting an electron spin. Excited
states of the aforementioned charge states would lead to
spin population of the ay orbital, showing much larger
hyperfine couplings [20].

The interconversion between the different states of the
NV center observed above can be controlled by the inten-
sity and wavelength of the applied laser radiation. As can
be seen, green laser light (532 nm) establishes an equilib-
rium between the NV~ mg = 0 state and the unknown state
[Fig. 1(c)]. Now we show that the unknown state is in fact
the dark state observed in Ref. [17]. It can be selectively
populated by red laser illumination. Therefore, the NMR
transitions of the N nuclear spin [see Fig. 1(c)] are
monitored for an increasing length of the red laser
(637 nm) pulses (i.e., for an increasing fraction of popula-
tion in the dark state). The corresponding measurement
sequence is displayed in Fig. 2(a) and the results in
Fig. 2(b). It reveals that the NMR line corresponding to
the bright state vanishes completely for increasing laser
pulse length, whereas the NMR line corresponding to the
dark state starts with a finite amplitude and rises to a
maximum. From the example NMR line plots, it is also
visible that, whereas the bright state line shows the typical
Fourier transformed line shape due to the rectangular rf 7
pulse, the dark state line is a much broader Lorentzian (full
width at half maximum = 33 kHz due to homogeneous
line broadening [cf. Figure 2(d)], indicating 7, = T, =
6 ws). In addition, the nuclear spin lifetime 7 is shorter
in the dark than in the bright state (90 ms < 800 ms,
measured by monitoring the nuclear spin polarization
for different periods in the dark state). Coherent driving
of the dark state NMR transition reveals fast decaying
Rabi oscillations [Fig. 2(d)] towards 50% of the initial
amplitude irrespective of the Rabi frequency. Thus, the
amplitude in the dark state NMR lines in Fig. 1(c) represent
only half of the population in the dark state. From these
results we can deduce the population in the NV center
states for each laser pulse length [see Fig. 2(c)].
Apparently, at least 95% of the population is distributed
among the bright state’s mg = 0 sublevel and the dark
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FIG. 2 (color online). (a) NMR pulse sequence to investigate
transition into the dark state. After readout and initialization, a
red laser pulse (637 nm) of variable length transfers a certain
amount of population into the dark state. A subsequent nuclear
spin 7 pulse monitors the NMR line intensities. (b) 2D plot of
NMR amplitude (color coded) over rf frequency (horizontal) and
red laser pulse length (vertical). Spectra for minimal and maxi-
mal laser pulse lengths are shown above and below the 2D plot.
(c) Populations in the dark and bright states deduced from (b).
(d) Nuclear spin Rabi oscillation in the dark state for rf fields of
two different strengths (18 dB difference), showing homogene-
ous dephasing.

state. The degree of spin polarization within the NV~
ground state is = 92%, which is higher than recent findings
[7,21-23]. Furthermore, the red laser pulse seems to trans-
fer nearly 100% of the population into one m,, level of the
dark state.

Further insight into the nature of the dark state can be
deduced from purely optical experiments. In the following,
we investigate the kinetics of the optically induced tran-
sitions between dark and bright states [Fig. 3(a)]. The
quadratic dependence of the transition rates on the laser
power in both directions indicates a two-photon nature of
the processes [Fig. 3(c)]. However, for stronger laser
powers the dependence becomes linear, which corresponds
to a transition via a real excited state level that becomes
saturated at higher powers. Further evidence for an excited
state assisted transition to the dark state can be found by
changing the steady state population of the excited state
while leaving the laser intensity constant. This can be
achieved by application of a strongly misaligned magnetic
field, shelving the population from the excited state triplet
into the metastable singlet state [24]. As expected, the
transfer rate to the dark state is reduced when the magnetic
field is misaligned such that the fluorescence of the NV is
minimized [Fig. 3(b)]. Another hint that we substantially
populate the excited state triplet of NV is its electron spin
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FIG. 3 (color online). (a) Energy level scheme of the bright
and dark states. The bright state comprises of the triple (7') and
singlet (S) levels of NV~ [23], whereas the dark state is at least a
doublet (D) supposedly in another charge state. The arrows
symbolize transition rates, where green and red are due to the
respective lasers and the black dashed arrows are decay pro-
cesses. (b) The fluorescence signal of the bright state for in-
creasing red laser duration shows an exponential decay
depending on the magnetic field orientation (aligned — 7 =
120 ws, misaligned — 7 = 184 us). (c) Fluorescence decrease
and increase rates depending on corresponding red or green laser
power for pumping into or out of the dark state, respectively.
Insets show respective pulse sequences and corresponding fluo-
rescence intensities. For fits, see the text.

polarization into mg = 0 by optical excitation with the red
laser. This usually works by intersystem crossing from the
excited state triplet into the singlet states [Fig. 3(a)]. The
excited state of the NV~ defect is located = 0.6 eV below
the conduction band of bulk diamond [25]. Thus, the
excited state absorption is likely to ionize the defect lead-
ing to NV°. We assume that the excited electron becomes
trapped by a donor (e.g., nitrogen impurity) [26], which is
not photoionized by red light. The power dependence of
the repumping rate by ionization of donors with green light
indicates a similar two-photon process as explained above.
The ratio between rates to and from the dark state
under green excitation should be the inverse population
ratio (i.e., = 0.4).

The magnetic moment M of the dark state originates
from either an electron spin or an orbital angular momen-
tum of the NV center. The position (and intensity) of the
dark state NMR lines were identical for different NV
centers even in nanodiamonds where strain is particularly
high. Thus the nature of the magnetic moment M is very
likely related to an electron spin as orbital angular
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momentum is very strain sensitive. Furthermore, it is
known that the dynamic Jahn-Teller effect in the NV center
can average out orbital angular momentum at room tem-
perature as shown for the NV~ excited state [27]. In
addition, it is supposed to cause EPR line broadening in
the NV § = 1/2 ground state [20,28] and can therefore be
responsible for the observed fast dephasing of the nuclear
spin in our experiments. All observations presented in this
Letter are in agreement with the assignment of the dark
state to the NVY center, though future experiments would
be needed for a definite proof.

In summary, with laser light of 532 and 637 nm we
were able to selectively address different charge states of
the NV center in diamond. QND measurement enables
the investigation of these states. All this sheds new light
on previous experiments using single NV~ centers.
Whenever rate models were used to understand the
fluorescence behavior and its spin state dependence
[21-23], the dark state can now be incorporated for a
more accurate picture. Our results also make 70% an
upper bound on the fluorescence quantum yield of the
investigated NV centers upon usual green illumination
(not taking into account intersystem crossing that would
further decrease the quantum yield). In addition, pre-
vious spin operations have been only 70% efficient (i.e.,
only if the NV resides in the bright state). Surprisingly,
QND initialization and readout of single nuclear spins is
working even under this condition, showing that the
nuclear spin state is preserved during ionization and
deionization. Thus, it might be possible to detect shifts
of the dark or bright state equilibrium when changing
the Fermi level (e.g., in nanodiamonds [14] or close to
surfaces [29]) or when changing the dopant concentra-
tion of the diamond lattice. In addition, it was proposed
to use the dark state for high resolution imaging [17]. If
there is a way to bring 100% of the population into the
bright state, NV~ spin operations will be 100% efficient.
This is of prime importance for numerous emerging
applications of the NV defect center (e.g., quantum
information processing and field sensing at the nano-
meter scale) [1-7,9,10]. An alternative strategy is to use
the nuclear spin in the dark state as a qubit. It seems
possible to initialize it to 100%, and single shot readout
is working as well via the bright state. To improve
quantum state lifetimes, the application of uniaxial stress
might be successful in the case of the dynamic Jahn-
Teller effect [20].
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