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some loss of D” because of ionization is also
possible. By using these results, we can extract
the quantum process tomography (25) of the se-
quence, confirming the close resemblance to the
identity operator.

The AEDMR mechanism we introduce here
should be extensible to the readout of single
1P impurities (17, 30) and could be combined
with the already demonstrated spin-dependent-
tunneling electron spin readout of single *'P (14).
The method can be applied to other substitutional
donors when 2*Si samples become available, and
in particular Bi, where the much larger hyperfine
coupling makes the hyperfine D'X structure
almost resolvable even in natural Si (20). The
present p-type sample, together with our optical
methods, would also be suited well to explore
the NMR of ionized *'P (D"), which has recent-
ly been observed by using electrically detected
ENDOR in natural Si (/3) and should have very
long 75, in **Si. Such results would be important
for the proposed cluster-state quantum comput-
ing scheme where quantum information is stored
in the nuclear spins of ionized donors (37).

By eliminating almost all inhomogencous
broadening and host spins, highly enriched **Si
approaches a semiconductor vacuum, enabling
the use of hyperfine-resolved optical transitions,
as is standard for atom and ion qubits in vacuum,

Dnnm Tnmnn-n‘-l-n

but retaining the advantages of Si device technol-
ogy, Auger photoionization for polarization and
readout, and the ability to precisely and perma-
nently place the qubit atoms (32).
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The spin transition between the [0)—|-1) elec-
tronic spin states was addressed via microwave
radiation (/3). Figure 1B shows the free-clectron
precession of an individual NV center, measured
via a Ramsey sequence. The signal dephased on
a time scale of T;E: 470 £ 100 ps, which is
consistent with the given isotopic purity of the
sample (/4). The characteristic collapses and re-
vivals of the Ramsey signal correspond to the
signature of a single weakly coupled "*C nuclear
spin. This coupling strength, originating from a
hyperfine interaction, corresponds to an electron-
nuclear separation of roughly 1.7 nm (15).

To confirm that the signal originated from a
13C nuclear spin, we measured the probability of
a ri-induced nuclear spin-flip as a function of
carrier frequency, ®. As described below, we pre-
pared the nuclear spin in either the ||) or |1) state
by performing a projective measurement. Afler
preparation of the nuclear spin via projection, a
1.25-ms Gaussian shaped rf n-pulsc was applied.
A second step of nuclear measurement then
allowed the nuclear spin-flip to be determined.
Figure 1C shows that this probability is charac-
terized by three resonances located at w/(2rn) =
258.86, 261.52, and 264.18 kHz, corresponding
to the NV electronic spin being in m, = 1,0,-1,
respectively; this indicates a projected hyperfine
interaction 4, = (21) (2.66 + 0.08) kHz.

An important facet of quantum control in-
volves the ability to perform high-fidelity initial-
ization and readout. We used repetitive readout to

nuclear spin state. As shown in Fig. 2C, the two
distributions for the count rates of 1) and ||} are
clearly resolved, and their medians match the
high and low levels of the fluorescence trace in
Fig. 2B. From the overlap between the two
distnibutions, we obtain a projective readout fi-
delity of 91.9 + 2.5% (16).

The long spin-orientation lifetime, extracted
from Fig, 2B, implies that our "*C nuclear spin is
an exceptionally robust degree of freedom. To
quantify the nuclear depolarization rate, the 7},
time was measured as a function of laser inten-
sity. In the dark, no decay was observed on a time
scale of 200 s (/5). However, consistent with
predictions from a spin-fluctuator model (17, 18),
when illuminated with a weak optical field, T},
dropped to 1.7 £ 0.5 s and increased linearly for
higher laser intensities (Fig. 2D).

To probe the qubit’s coherence time, our nu-
clear spin was again prepared via a projective
measurement, after which an NMR Ramsey pulse
sequence was applied. The final state of the nu-
clear spin was then detected via repetitive read-
out. The results (Fig. 3B) demonstrate that, in the
dark, the nuclear coherence time 77, is limited to
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about 8.2 + 1.3 ms. The origin of this rel
fast dephasing time can be understood by
its direct correspondence with the populati
time of the electronic spin 7}, = 7.5 £
(blue curve in Fig. 3B) (/9). Because the el
nuclear coupling A exceeds 1/7,, a sing|
dom) flip of the electronic spin (from [0) 1
is sufficient to dephase the nuclear spin.

To extend the nuclear memory time, w
effectively decouple the electronic and 1
spin during the storage interval. This is ac
by subjecting the electronic spin to cor
dissipation. Specifically, the NV center is
by a focused green laser beam, resulting i
cal pumping of the NV center out of the m
states ([£1)). In addition, the NV center a
dergoes rapid ionization and deionization ¢
¥, proportional to the laser intensity (Fig
When these transition rates exceed the hy
coupling strength, the interaction between
clear and electronic spins is strongly supp
owing to a phenomenon analogous to m
averaging (/7).

Using this decoupling scheme, we sl
Fig. 3C that the nuclear coherence time
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enhanced by simply applying green laser light; in
particular, 10 mW of green laser excitation yield
an extended nuclear coherence time of ?'2: =
0.53 + 0.14 s. This is an improvement of 75}, by
almost two orders of magnitude as compared
with measurements in the dark. The dependence
of T, on green laser intensity shows a linear in-
crease for low intensities and saturates around 1 s
(Fig. 3E).

The observed limitation of coherence en-
hancement arises from dipole-dipole interactions
of the nuclear qubit with other "*C nuclei in the
environment. In our sample, we estimate this av-
erage dipole-dipole interaction to be ~1 Hz, con-
sistent with the limit in the observed coherence
time. Further improvement of the nuclear coher-
ence is achieved via a homonuclear rf decoupling
sequence. The composite sequence (Fig. 3D) is
designed to both average out the internuclear
dipole-dipole interactions (to first order) and to
compensate for magnetic field drifis. Applying
this decoupling sequence in combination with
green excitation can further extend the coherence
time to beyond 1 s (Fig. 3E, blue points).

These measurements demonstrate that indi-
vidual nuclear spins in isotopically pure diamond
are exceptional candidates for long-lived mem-
ory qubits. The qubit memory performance was
fully quantified by two additional measurements.
First, the average fidelity was determined by pre-

paring and measuring the qubit along three or-

directions. The average fidelity, F =
1/2(1 +(C}), was extracted from the observed
contrast (C) of the signal and is presented in
Fig. 4A for two cases (with and without homo-
nuclear decoupling) (8). Even for memory times
up to 2.11 + 0.3 s, the fidelity remained above the
classical limit of % Finally, a full characterization
of our memory (at 1 s of storage time) was
obtained via quantum process tomography. The
comesponding x matrix (Fig. 4C) reveals an av-
erage fidelity, 7' — 87 + 5% (15).

To quantitatively understand the coherence
extension under green illumination, we consider
depolarization and dephasing of the nuclear spin
due to optical illumination and interaction with
the nuclear spin environment. Excitation with
532 nm ionizes, as well as deionizes, the NV
center with a rate proportional to the laser in-
tensity (20). Adding up the peak probabilities
(Fig. 1C) for the nuclear rf transitions reveals a
total transition probability of 63 + 5%. This is
consistent with recent observations in which,
under strong green illumination, the NV center
is found to spend 30% of its time in an ionized
state (20). In this state, rf-induced nuclear
transitions are suppressed, because the de-
polarization rate of the electronic spin is much
faster than the nuclear Rabi frequency (20). Be-
cause the hyperfine interaction is much smaller
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than the electronic Zeemann splitting, fl
interactions between the electronic and
ar spins can be neglected. However,
presence of an off-axis dipolar hyperfin
A, nuclear dcpolarimtion still occurs a

1/ Ty, ~ ('r—.m)’+_117(15) Although th

ple analysis is already in good agreement w
observations (Fig. 2D), further insight is pi
by a detailed 11-level model of NV dynami
Because T, limits our readout, a careful
ment of the external field (i.e., choosing A
and enhanced collection efficiency should
readout fidelities greater than 99%.

For ionization rates y much larger tt
hyperfine interaction, the dephasing rate d
on the parallel component of the dipok
1/75, = Do + Tga, where Ty is lhcsplr
induced dephasing rate and l“q,*'T,l is |
tically induced decoherence. The dash
line in Fig. 3E demonstrates that this mod
good agreement with our data. Applicatior
decoupling sequence also allows us to st
nuclear-nuclear dephasing. We find that th
imperfection in this decoupling procedun
nates from a finite rf detuning (/5). Accc
for this imperfection, we find excellent
ment with our data, as shown by the dash
line in Fig. 3E. Moreover, this model in
that the coherence time increases almost |
as a function of applied laser intensity, sug
a large potential for improvement.
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recent progress in the deterministic crea
arrays of NV centers (26) and NV-C pai
enables the exploration of scalable archit
(28, 29). Finally, recent experiments hay
demonstrated the entanglement of a photc
the electronic spin state of an NV centc
Combining the advantages of an ultralo
clear quantum memory with the possib
photonic entanglement opens up new o
long-distance quantum communication an
state quantum repeaters (/).
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Editor's Summary

Extending Quantum Memory

Practical applications in quantum communication and quantum computation require the building
blocks—quantum bits and quantum memory——to be sufficiently robust and long-lived to allow for
manipulation and storage (see the Per?ective by Boehme and McCarney). Steger ef al. (p. £§80}
demonstrate that the nuclear spins of Ip impurities in an almost isotopically pure sample of “°Si can
have a coherence time of as long as 192 seconds at a temperature of ~1.7 K. In diamond at room
tetnl:n:rat'l.trf3 Maurer ef al (p. 1283) show that a spin-based qubit system comprised of an isotopic
impurity ( *C) in the vicinity of a color defect (a nitrogen-vacancy center) could be manipulated to
have a coherence time exceeding one second. Such lifetimes promise to make spin-based architectures
feasible building blocks for quantum information science.
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