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We examine the quantum spin state of a single nitrogen-vacancy (NV) center in diamond at room

temperature as it makes a transition from the orbital ground state (GS) to the orbital excited state (ES)

during nonresonant optical excitation. While the fluorescence readout of NV-center spins relies on

conservation of the longitudinal spin projection during optical excitation, the question of quantum phase

preservation has not been examined. Using Ramsey measurements and quantum process tomography of

the optical excitation process, we measure a trace fidelity of F ¼ 0:87� 0:03, which includes ES spin

dephasing during measurement. Extrapolation to the moment of optical excitation yields F � 0:95. This

result provides insight into the interaction between spin coherence and nonresonant optical absorption

through a vibronic sideband.
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Understanding decoherence is a fundamental pursuit in
quantum information science. For solid-state ‘‘atomlike’’
systems that have spin, orbital, and vibronic degrees of
freedom, a critical challenge is to determine which pro-
cesses preserve or destroy quantum states. Nitrogen-
vacancy (NV) centers in diamond have robust ground-state
(GS) spin coherence at room temperature [1,2]. Spin-orbit
and spin-spin interactions are strong enough to split the
sharp zero-phonon optical transition conditional on the
spin state, thus enabling spin-photon entanglement and
nondestructive quantum measurement of NV-center spins
at cryogenic temperatures [3,4]. At room temperature,
however, the direct optical transitions are broadened by
phonons. Therefore, nonresonant optical excitation into the
vibronic absorption band is typically used, resulting in a
loss of orbital coherence between the GS and the excited
state (ES) [5].

While standard fluorescence-based spin measurement of
NV centers relies on the preservation of the longitudinal
spin component (SZ) during optical excitation [6,7], the
lack of orbital coherence at room temperature might sug-
gest that the quantum phase of the spin could also be
destroyed [8]. This issue is fundamental to understanding
the nonresonant excitation dynamics of NV centers and is
crucial for efforts to use coherent evolution in the ES for
spin control [9,10]. Here we probe this question using
Ramsey experiments where we create a coherent spin
superposition in the GS, optically excite the NV center
into the ES, and then probe the spin state using
nanosecond-scale ES spin resonance and fluorescence
measurements. The data are consistent with a theoretical
model in which the transverse component of the quantum
state of the NV spin is conserved during the excitation
process and then decays through spontaneous emission
and motional spin dephasing [10]. Treating the optical

excitation combined with spin precession as a quantum
process, we perform quantum process tomography (QPT)
of the optical excitation and precession of a single NV spin.
Our measurements indicate the process fidelity is 0:87�
0:03, which is reduced by decay during measurement.
When we extrapolate the measurements back to the mo-
ment of optical excitation to account for ES relaxation, the
fidelity is � 0:95.
The ground-state spin of individual diamond NV centers

can encode a qubit derived from two of the S ¼ 1 spin
sublevels at room temperature. These solid-state spins can
be fabricated using ion implantation into a diamond sub-
strate [11], and they can be coupled with nearby electronic
spins [12–14], and nuclear spins [15–17] to form a local
qubit register. Leveraging quantum control techniques de-
veloped for electron and nuclear magnetic resonance, NV-
center spins have been manipulated on subnanosecond
time scales, enabling many operations per coherence
time [18] and high-order dynamical decoupling [19]. Fast
resonant manipulation also opens the door to spin control
in the orbital ES of NV centers since orbital lifetimes are in
the range of 10–20 ns.
To study the spin coherence during optical excitation,

we prepare a spin superposition state in the orbital GS with
an electron spin resonance (ESR) pulse resonant with the
GS spin transition. Then, we optically excite into the ES
with a precisely timed, picosecond laser pulse, followed by
ES spin state measurement. To detect the spin superposi-
tion in the ES, we use nanosecond-scale ESR pulses reso-
nant with the ES spin transition to rotate the spin state on to
the Z axis for spin-selective fluorescence [1,6]. Because the
fluorescence contrast arises from spin-selective relaxation
from the ES into a metastable state, the ESR pulses must be
significantly faster than the spin-dependent spontaneous
emission rates.
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The carrier frequency of each ESR pulse depends on the
magnetic field (B) applied along the NV symmetry axis. At
room temperature and at large magnetic field, the spin
Hamiltonians for the GS and the motionally narrowed ES
are qualitatively similar, but with different values of
zero-field splitting, transverse anisotropy splitting, and

hyperfine splitting [9,20,21]. The two spin Hamiltonians
are shown superimposed in Fig. 1(a) with the jðms ¼Þ0iGS
and j0iES levels aligned at zero energy. The qubit levels we
study are comprised of the j0i and j � 1i electronic spin
levels at B ¼ 1276 G. Therefore, the GS ESR pulses cor-
respond to fGS ¼ 0:65 GHz whereas the ES ESR pulses
correspond to fES ¼ 2:14 GHz, indicated by arrows in
Fig. 1(a).
Figure 1(b) outlines the optical timing sequence for the

Ramsey measurement. First, we optically pump the NV
center for � 2 �s with a 532 nm laser to polarize the spin
into j0iGS. Optically coaligned with this laser is the pulsed
light from a tunable optical parametric oscillator (OPO)
that has a pulse period of 132 ns, a wavelength of 583 nm
[22], and an estimated pulse width of 5–10 ps.
The fluorescence is collected using time-correlated
single-photon-counting electronics that integrate the pho-
tons observed in a 50 ns window around each of two optical
pulses after initialization. The first counting window mea-
sures the average fluorescence level of the NV spin in the
j0i state after optical excitation, which is used as a refer-
ence for normalization. The second window monitors the
spin-dependent fluorescence resulting from the ESR-ex-
cite-ESR pulse sequence, and is the main experimental
signal. By confining light collection to these two windows
associated with pulsed excitation, we select the photons
relevant to the experiment. For cycles of the experiment
where the NV center is not excited, no photons are emitted,
and hence on average those cycles of the experiment have
no impact on the results.
The Ramsey ESR pulse sequence consists of a

�=2GS pulse to rotate j0iGS into a spin superposition state
� 20 ns before excitation into the ES with the optical
pulse. After a variable delay, we apply a �=2ES pulse to
map the final spin superposition onto SZ for fluorescence
readout. A diagram of the ESR pulses is shown in Fig. 1(c).
Both pulses are created using the direct output of an
arbitrary waveform generator (AWG) operating at
19:32 GS=s with a clock referenced to the optical pulse
period. This equipment enables us to generate ESR pulses
of arbitrary frequencies for both the GS and ES while
maintaining a fixed phase relationship between the pulses
and fixed overall phase for each run of the experiment. As
we delay the �=2ES pulse relative to the �=2GS pulse and
the optical pulse, we keep its phase fixed, playing out
exactly the same voltage signal only delayed in time.
This corresponds to a Ramsey experiment performed in
the ‘‘lab frame’’ in contrast to typical Ramsey experiments
that are performed in the ‘‘rotating frame’’ [23]. Therefore,
the Ramsey fringes we measure correspond directly to the
Larmor precession rate of the ES spin.
The data shown in Fig. 2 are normalized so that Pj0i ¼ 1

corresponds to the fluorescence signal of the NV initialized
to j0iGS and Pj0i ¼ 0 corresponds to the NV initialized to

j � 1iGS. Because fES is strongly detuned from fGS relative

(b)

532 nm
Initialize

ESR pulses

PES

Pulsed laser
553-583 nm

SignalRef.

Laser
Pulse

tGS

tES(c)

GS π/2

5 ns

ES π/2

0 500 1000 1500
4

2

0

2

4

B ll [111] (G)

E
/h

 (G
H

z)

ES

GS

(a)

FIG. 1 (color). (a) Spin energy-level diagram for the NV-
center GS and ES. Zero energy is aligned with both j0iGS and
j0iES. There are nuclear spin sublevels in both the GS and ES
(not resolved), with nuclear spin I ¼ 1=2 since we fabricated our
NV center by ion implanting 15N ions [11]. At B ¼ 1276 G, the
transition j0iGS ! j � 1iGS is labeled with a short blue arrow
while the transition j0iES ! j � 1iES is labeled with a longer
purple arrow. (b) Measurement diagram for Ramsey and QPT
experiments. Optically, the NV center is initialized into j0iGS by
pumping with a 532 nm laser followed by waiting for fluores-
cence decay. The pulsed laser, which was tuned to 583 nm in the
experiment, has a pulse period of 132 ns and pulse duration of
5–10 ps. For each laser pulse, there is a probability (PES) of the
NV center being excited. Using time-correlated single-photon-
counting electronics, we bin photons collected in two windows
marked with dashed black boxes. The first provides a reference
for PES of the initialized spin state, whereas the second forms the
signal. Gaussian ESR pulses are applied before and after the
optical pulse that corresponds with ‘‘signal’’ collection. (c) Plot
of an actual ESR pulse waveform used to prepare and read out
states in Ramsey and QPT experiments. The first pulse to
manipulate the spin in the GS has carrier frequency fGS ¼
0:65 GHz and a full width at half maximum (FWHM) of
� 3:3 ns, whereas the second pulse that maps the transverse
spin state onto the Z axis has carrier frequency fES ¼ 2:14 GHz,
a FWHM � 0:67 ns, and is timed shortly after the laser pulse.
Bloch sphere representations of the spin state indicate how the
spin precession rate of the superposition state changes before and
after the optical excitation. The small black vertical arrow in the
first Block sphere represents the strength of the effective field
of the spin in the GS relative to the effective field in the ES,
which is shown with a larger vertical arrow and faster Larmor
precession.
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to the strength of the ES driving field, the�=2ES pulse does
not rotate the spin if it is applied before the optical pulse
(tES < 0). Therefore, the earliest points have Pj0i � 0:5

since the GS spin is still along the equator of the Bloch
sphere [Fig. 1(c)]. As the delay increases, the Ramsey
fringe amplitude increases as the �=2ES pulse crosses
through the optical excitation, where it begins to rotate
the spin in the ES in a coherent Ramsey measurement.
Further increase of the �=2ES-pulse delay causes decay of
the signal envelope due to spin relaxation in the ES with
characteristic rate 1=�� ¼ �þ �, where � is spin dephas-
ing from motional narrowing and � is the spontaneous
emission rate of the spin superposition [10]. We fit the
data to a phenomenological function [24] and plot the
result as a solid curve in Fig. 2. From fitting we extract
estimates of �� ¼ 6:0� 0:8 ns, the overall oscillation am-
plitude, �hSXi ¼ 0:89� 0:04, and the timing of optical
pulse relative to the�=2ES pulse, t0 ¼ 1:35� 0:04 ns. The
last quantity is critical since it tells us the time of tES ¼ 0 in
the units of our AWG clock.

The large oscillation amplitude in Fig. 2 immediately
suggests that the spin coherence is largely preserved
through the optical excitation. The amplitude of the
Ramsey fringe, �hSXi, renormalized as FRamsey ¼
ð1þ �hSXiÞ=2 ¼ 0:95� 0:04, approximates a process fi-
delity if we assume the longitudinal spin component is
conserved and that transverse relaxation is independent
of initial state. We note that this value includes decoher-
ence from the optical excitation and spin dephasing that
occurs during the finite duration of the �=2ES pulse.

To differentiate these two contributions, we modeled the
entire process using the waveforms sequenced in the ex-
periment, along with fit values of �� and t0 as input
parameters. We also measured the spin-dependent sponta-
neous emission rates using time-correlated photon count-
ing [9,24]. The model is plotted in Fig. 2 along with the
data as a dashed black curve. We note that this is not a fit;
there are no additional free parameters in the model, which
predicts the amplitude and phase. The agreement suggests

that the main contribution to reduction of the fidelity is ES
dephasing during the ESR pulses, and that effects from
optical excitation are smaller than our experimental sensi-
tivity [24].
We can characterize the evolution of arbitrary quantum

states more rigorously by performing quantum process
tomography (QPT) on the NV-center spin with state prepa-
ration in the GS and state readout in the ES. This measure-
ment is similar to the Ramsey measurement, except rather
than varying the delay between ESR pulses, we prepare

each of four initial spin states (j þ Zi ¼ j0iGS, jXi ¼
ðj0iGS þ j � 1iGSÞ=

ffiffiffi

2
p

, jYi ¼ ðj0iGS þ ij � 1iGSÞ=
ffiffiffi

2
p

,
and j � Zi ¼ j � 1iGS, and measure each along the X, Y,
and Z spin axes in the ES [25]. The initial states are
generated using either no pulse, a �=2GSðYÞ pulse, a
�=2GSð�XÞ pulse, or a 3�GSð�XÞ pulse, respectively
[24], after optical initialization into j0iGS, where we spec-
ify the axis of rotation in parentheses. Likewise, SX, SY ,
and SZ spin measurements require a �=2ESðYÞ pulse, a
�=2ESð�XÞ pulse, or no pulse, immediately following
optical excitation. These measurements are sensitive to
the angle (�) of the spin state around the Z axis of the
Bloch sphere that evolves as �� ¼ 2�fEStES. Therefore,
the �=2ESðYÞ- and �=2ESð�XÞ-pulse timing enables us to
characterize both spin precession and decay of the quan-
tum state due to dephasing in the ES. We also note that
ESR pulse errors, which do impact our measurement, were
characterized using the bootstrap tomography protocol
[26]. We did not, however, apply numerical correction to
the process matrix for pulse errors [24].
Using these 12 spin measurements, along with addi-

tional measurement points for signal normalization, we
calculate the quantum process matrix, �. As with most
experimental QPT measurements, the direct calculation of
the � matrix from experimental data (�meas) yields an
unphysical process due to random measurement
errors. We therefore perform maximum likelihood
estimation to find the closest physical � matrix (�phys) to

�meas [27,28].
The result is shown in graphical form in Fig. 3(a),

corresponding to a QPT measurement with �=2ES pulses
with a Gaussian envelope centered at t0 ¼ 0:59� 0:03 ns.
The large elements in the matrix correspond with real (I, I)
and (Z, Z) components, along with imaginary (I, Z) and (Z,
I) components. This process matrix corresponds to a spin
rotation� � 90� about the Z axis, which is precisely what
we expect for spin precession, first in the GS, and then in
the ES. We note that �phys characterizes all quantum pro-

cesses that take place between the beginning of the GS spin
preparation and the end of the ES ESR pulses. It is there-
fore sensitive to both the excitation process and ES spin
dephasing.
We use F ¼ Trð�phys � �idealÞ as the fidelity of a quan-

tum process, where �ideal corresponds to the ideal quantum
process [25]. This provides a figure of merit for quantum
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FIG. 2 (color). Points are Ramsey data from fluorescence
measurements, normalized to the fluorescence level of j0i
(Pj0i ¼ 1) and j � 1i (Pj0i ¼ 0). The solid red curve is a fit to

the data. The dashed black curve is the simulation, assuming no
free parameters as described in the text and the Supplemental
Material [24].
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state preservation during optical excitation and allows a
direct comparison with the Ramsey experiment. We expect
that the physical process is a combination of spin preces-
sion and dephasing, so we choose �idealðtESÞ to correspond
with pure spin precession so that all dephasing is included
in the fidelity. To avoid making an assumption about
the spin rotation angle, we minimized the quantity
�Tr½�phys � �idealð�Þ� with respect to �, where �idealð�Þ
is the �matrix corresponding to a rotation process of angle
� about the Z axis. F calculated with the fit value of �
represents the extent to which decoherence and other pro-
cesses alter the quantum state from our physical expecta-
tion. For �phys in Fig. 3(a), we find F ¼ 0:87� 0:03.

The error analysis is discussed in the Supplemental
Material [24].
We also repeated the QPT measurement sequence at

three additional values of tES for the �=2ES pulses. Since
these separate measurements of the quantum process only
differ by the duration of spin precession in the ES, we can
use them to differentiate dephasing in the ES from loss of
coherence due to the optical excitation. The results are
summarized in Fig. 3(b), with all values of �phys given in

the Supplemental Material [24]. The main plot shows
the evolution of � as a function of tES. For clarity of the
timing, we also plot the Gaussian envelope of the
�=2ES pulses used for SX and SY measurements.
As with the Ramsey experiments, we can also calculate

what we expect to measure using the experimental ESR
pulse waveforms and the independently determined input
parameters. Using these simulated measurements, we cal-
culate a � matrix and see how it evolves compared to the
experiment. The calculation assumes the quantum state is
preserved during optical excitation and includes spin pre-
cession, finite ESR pulse duration, and dephasing in the ES
from previously understood processes [10]. As with the
Ramsey model calculations, the simulated QPT predicts
the measured values of � within experimental uncertainty.
To estimate how much of the quantum state is lost to

optical excitation, we calculate F for the simulated QPT
using the same method as the experiment. Figure 3(c)
compares the simulation (purple triangles) to the experi-
ment (blue circles). For both, F decreases as a function of
tES due to ES spin dephasing [10], which may have been
slightly underestimated by Ramsey measurements [24]. A
linear guide to the eye, however, suggests that the experi-
mental data do not extrapolate back to F ¼ 1 like the
simulation, but instead to F � 0:95. This experimental
estimate at tES ¼ 0 is consistent with our estimates from
Ramsey measurements (FRamsey ¼ 0:95� 0:04), which al-

ready account for dephasing during the ES microwave
pulse. This fidelity below F ¼ 1 is likely caused by a
combination of dephasing during a short period in the
excited vibronic levels and errors or uncertainties in the
measurement. Considering that the remaining deviation
from unity fidelity is on the same order as the collective
uncertainties in our experiment [24], and that systematic
errors generally reduce the fidelity, we regard the extrapo-
lated F � 0:95 as evidence that the true process fidelity of
excitation is close to F ¼ 1.
These measurements demonstrate that optical absorp-

tion through excited vibronic levels have little influence on
the spin of single NV centers in diamond at room tempera-
ture. This is a fundamental insight into NV centers’ spin
coherence, which may apply more generally to systems
where vibronic relaxation is much faster than spin preces-
sion so that spin-orbit coupling does not significantly
influence the spin coherence. For NV centers, these
findings could also advance efforts to use the ES spin
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FIG. 3 (color). (a) Graphical representation of �phys for the
first point of QPT with tES ¼ 0:59� 0:03 ns. (b) Phase angle �
as a function of tES. The Gaussian envelope of the �=2ES pulses
used for Sx and SY measurement in QPTare indicated above each
point. Inset: polar plot of �, with a radius corresponding to F for
the experiment (blue circles) and the simulation (purple tri-
angles). The random error in � due to photon shot noise is �
5�, determined by Monte Carlo integration. The total uncertainty
in � is larger due to other experimental contributions (see the
Supplemental Material [24]). (c) F as a function of tES for each
QPT measurement (blue circles) and simulation (purple tri-
angles). The error bars are also calculated with Monte Carlo
integration using the photon shot noise statistics, and do not
include other sources of uncertainty such as ESR pulse errors.
The dashed lines are linear guides to the eye for visual extrapo-
lation back to the tES ¼ 0.
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Hamiltonian for rapid and coherent spin control of NV
centers and nuclei. Given that incoherent excitation and
spontaneous emission involve similar orbital mechanisms,
these results suggest that an NV center’s full spin state is
preserved during relaxation from the ES to the GS, pro-
vided the time of photon emission is accurately known.
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