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Picosecond Coherent Optical
Manipulation of a Single Electron
Spin in a Quantum Dot

]. Berezovsky,* M. H. Mikkelsen,* N. G. Stoltz, L. A. Coldren, D. D. Awschalomt

Most schemes for quantum information processing require fast single-qubit operations. For spin-
based qubits, this involves performing arbitrary coherent rotations of the spin state on time scales
much faster than the spin coherence time. By applying off-resonant, picosecond-scale optical
pulses, we demonstrated the coherent rotation of a single electron spin through arbitrary angles up
to m radians. We directly observed this spin manipulation using time-resolved Kerr rotation
spectroscopy and found that the results are well described by a model that includes the electron-
nuclear spin interaction. Measurements of the spin rotation as a function of laser detuning and
intensity confirmed that the optical Stark effect is the operative mechanism.

sing ultrafast optical pulses to coherently
l l manipulate the spin state of an electron is
a key ingredient in many proposals for
solid-state quantum information processing (/-6).
Although electrical control of a single spin has
been achieved (7, 8), the nanosecond time scales
required for such manipulation limit the number
of operations that can be performed within the
spin coherence time. In contrast, spin control via
picosecond-scale optical pulses yields an improve-
ment of several orders of magnitude in the ma-
nipulation time, as required for many proposed
applications. Additionally, this all-optical tech-
nique provides simple pathways for coupling the
quantum degrees of freedom of a single spin and a
photon—a useful property for enabling quantum
communication. We experimentally demonstrated
such a scheme for a single electron spin in a
quantum dot (QD).

The optical (or ac) Stark effect (OSE) was
first studied in atomic systems in the 1970s
(9-11) and was subsequently explored in bulk
semiconductors and quantum wells (/2—/4). In
recent years, the OSE has been used to observe
ensemble spin manipulation in a quantum well
(15) and to control orbital coherence in a QD (76).
Additionally, other optical manipulation schemes
have been explored (/7-20), which, in contrast to
this work, affect the average polarization of a spin
ensemble instead of directly manipulating individ-
ual spin states. Using perturbation theory, it is
found that an optical field with intensity Z;,, de-
tuned from an electronic transition by an energy A,
induces a shift in the transition energy

g~ Dl
Av/e/u

where D is the dipole moment of the transition,
and € and p are the permittivity and permeability
of the material (/3). In the relevant energy levels

()

Center for Spintronics and Quantum Computation, Uni-
versity of California, Santa Barbara, CA 93106, USA.

*These authors contributed equally to this work.
tTo whom correspondence should be addressed. E-mail:
awsch@physics.ucsb.edu

www.sciencemag.org SCIENCE VOL 320

for the QD system considered here (Fig. 1B), the
ground state consists of a single electron in the
lowest conduction band level, spin-split by a
small magnetic field B,. The lowest-energy inter-
band transition is to the trion state, consisting of
two electrons in a singlet state and a heavy hole.
Because of the optical selection rules, the dipole
strength of this transition in the basis along the y
direction from the spin-up ground state is zero for
o' polarized light and from the spin-down
ground state is zero for ¢ polarized light, as
indicated in the diagram. Therefore, for circularly
polarized light, the OSE shifts just one of the spin
sublevels and produces a spin splitting in the
ground state that can be represented as an ef-
fective magnetic field, Bguy, along the light-
propagation direction. By using ultrafast laser
pulses with high instantaneous intensity to pro-
vide the Stark shift, large splittings can be ob-
tained to perform coherent manipulation of the

Fig. 1. (A) The solid red A
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spin within the duration of the optical pulse (here,
Bsge ~ 10 T).  This phenomenon can also be
described in terms of a stimulated Raman tran-
sition (3, 6, 20).

The sample we used consisted of a layer of
charge-tunable gallium arsenide (GaAs) inter-
face QDs embedded in an optical cavity. [De-
tails of the sample structure and characterization
are given in (2/-23).] In the experimental setup
(Fig. 1C), three synchronized, independently tun-
able optical pulse trains are focused onto the
sample: the pump, the probe, and the tipping
pulse (TP). The pump and tipping pulse are
both derived from a mode-locked Ti:sapphire
laser generating a train of ~150-fs pulses at a
repetition rate of 76 MHz. The pump is circularly
polarized and tuned to an energy £ = 1.646 eV
[full width at half maximum (FWHM) ~ 1 meV],
thereby injecting spin-polarized electrons and
holes into the continuum of states above the QD
(24). One or more of these electrons or holes can
then relax into the QD. The circularly polarized
TP (duration ~ 30 ps, FWHM = 0.2 meV) is
tuned to an energy below the lowest QD tran-
sition (Fig. 1A) and is used to induce the Stark
shift. The relative time delay between the pump
pulse and the TP is controlled by a mechanical
delay line in the pump path.

The probe pulse is generated by passing a
narrow-linewidth continuous-wave laser through
an electro-optic modulator synchronized with the
pump/TP laser. The resulting 1.5-ns pulses probe
the spin in the QD through the magneto-optical
Kerr effect (23). This effect arises from the real
part of the dielectric response function of the QD
and results in a spin-dependent rotation of the
polarization of the linearly polarized probe upon
reflection off of the sample. As the energy of
this probe light is scanned across the QD transi-
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tion energy, Ex—, an odd-Lorentzian line shape
[ocx/(1 + x?)] centered at the transition energy
is seen in the Kerr rotation (KR) spectrum (22, 295).
By fitting such a curve (as shown in Fig. 1A), we
can extract the amplitude of this feature, 0, which
is proportional to the projection of the spin po-
larization in the QD along the light-propagation
direction.

In a typical measurement, the pump pulse ar-
rives at time (7) = 0 along the y axis (growth di-
rection), and in some cases, a single spin-polarized
electron will relax into the QD. For pump helicity
o, this electron is (up to a global phase) initially
in the state y(z = 0) = (|1) + #|1))/+/2, where
“up” and “down” are chosen as the basis along
the external magnetic field B.. The spin then be-
gins to coherently precess at the Larmor fre-
quency ® = gugB:/h : y(1) = (exp(—iot/2)|1) +
i exp(iot/2)|1))/v/2, where g is the effective
electron g factor, g is the Bohr magneton, and
7 is the reduced Planck constant. Atz = f,, the TP
arrives and generates an additional spin splitting
along the y axis for the duration of the pulse.
During this time, the spin precesses about the
total effective field (which is typically dominated
by Bsrk) and then continues to precess about the
static applied field. The probe then measures the
resulting projection of the spin in the QD, <S,> at
! = tyobe- This sequence is repeated at the
repetition frequency of the laser (76 MHz), and
the signal is averaged for several seconds for
noise reduction. The pump and probe are modu-
lated with mechanical choppers, allowing for
lock-in detection to measure only spins that are
injected by the pump. Furthermore, the pump is
switched between ¢ and 6, with a measurement
made at each helicity. The spin signal is then
taken as the difference between these values,
eliminating any spurious signal from spins not
generated by the pump [such as phonon-assisted
absorption from the TP (26)].

To map out the coherent dynamics of the spin
in the QD, KR spectra are measured as a function
of pump-probe delay. Figure 2A shows a plot of
the KR angle, 0y as a function of probe energy
and Zyope With an applied field B.= 715 G and no
TP. Horizontal line cuts display the dispersive
line shape centered at the transition energy Ex -
(as shown in Fig. 1A). As #,0 is swept along the
vertical axis, the precession of the spin can be
seen as the oscillations in 6g. When the TP is
applied at #5, = 1.3 ns, as in Fig. 2B, there is a
substantial change in the KR spectra. For ¢ < #,,
the KR signal is essentially the same as in Fig. 2A,
but for 7 > £, the sign of the signal is reversed.
This can be clearly seen in the line cuts in Fig. 2,
C to F. Line cuts in (C) and (D) are both before
the TP and show the same behavior, whereas the
line cut in (F) has the opposite sign of the line cut
in (E) as a result of the TP.

It is convenient to understand the observed
spin dynamics in the Bloch sphere picture. Here,
the spin state is represented as a vector (S, S,, S-),
where (0, 0, + S.) represents the eigenstates |1)
and |]), and vectors with nonzero S, and S,
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represent coherent superpositions of |1) and | ).
In this picture, the dynamics of the spin can be
calculated by applying the appropriate sequence
of rotation matrices to the initial state (27). The
effect of the pump and the TP thus results in the
spin state as a function of time

So, sin ot
So,, cos ot
SO,Z
S,y (cos dy, sin oy, cos o' +-
COS Wlip SIN ') —
S0, Sin ¢y, cos i’
S, (—cos ¢y, sin oty sint’ +
COS Wi, COSWE') —
S0,z Sin g, sin i’
So,y sin Gep SIN Oy + So,- cos Diip

0<t<tﬁp

t> ttip

(2)

where the initial spin state is (0, So ,,, So 2), ¢’ =
! — tp, @ is the precession frequency about the
z axis, and ¢, is the angle through which the spin
precesses during the TP. Here we have included
an initial component of the spin along the z axis
to account for small misalignments of the pump
beam. Because the duration of the TP is much
less than !, the tipping is assumed to occur
instantaneously.

As can be seen from Eq. 2, the TP may re-
sult in a substantial nonprecessing component of
the spin along the z axis. Through the hyperfine
interaction, electron spins can flip with nuclear
spins. The component of the nuclear spin along
the external field B, does not precess and there-
fore can build over time in the process of dy-
namic nuclear polarization (DNP) (24, 27). As
nuclear polarization builds along the z axis, it acts
back on the electron spin as an effective magnetic
field B,,Z. Thus in Eq. 2, ® must be replaced by
o’ =0+ 0, 0, (=gugB,/h)is proportional to the
steady-state nuclear polarization, which in turn is

Fig. 2. (A and B) KR as a function
of probe energy and pump-probe

delay. White represents positive KR, < 0
black represents negative KR, and £

the dashed blue line indicates the 2 2
transition energy Ex-. (A) shows spin g 4

precession in the absence of the TP;
in (B), the TP is applied at t;, = 1.3 10
ns, with /g, = 4.7 x 10° W/cm? and
A = 2.65 meV. A constant offset is
subtracted from each KR spectrum.
(C to F) Line cuts (black curves with

proportional to S.. Thus, equating ®, and S, with
a constant of proportionality o, we have ®, =
(8o, sin Drip sin(® + o, )t + So - cos ¢ﬁp).
Solving this equation numerically for w, and
substituting o’ into Eq. 2 self-consistently yield
the coherent spin dynamics of the system as a
function of time. To model the results below, we
include the finite spin coherence time, 7>*, and a
phenomenological /;;,-dependent term to account
for imperfect fidelity of the spin rotations or other
background effects, with a characteristic scale /.
The decoherence term is taken as exponential, in
agreement with previous measurements on this
sample (23). Finally, we take the difference
between 6" and 6~ pump helicity, yielding

- 3 —
00(t; S0, 0, Lip, 0, Ty , 1o) = [Sy(£;S0) —
N *
Sy(t;=So)lexp(=t/T, )exp(~1ip/Io) ~ (3)

Figure 3A shows the time evolution of a single
spin in a transverse magnetic field, with no TP
applied. Each data point is determined from the
fit to a KR spectrum at a given pump-probe
delay, as in Fig. 2. If we convolve Eq. 3 with the
measured profile of the probe pulse, we can per-
form a least-squares fit to this data and determine
various parameters in the model: ®, 75*, and the
effective field from the nuclear polarization, B,,.
The red curve in Fig. 3A shows the result of this
fit, yielding o = 1.39 GHz, T,*=5.5ns,and B, =
68 G, and the dotted line is the corresponding
plot of Eq. 3 without the probe pulse convolution.
As expected, the spin is initialized at = 0 and
then precesses freely about the applied field.

The data in Fig. 3, B and C, show the same
coherent spin dynamics as those in Fig. 3A, but
with the TP applied at ¢ = t;,. The intensity of
the TP is chosen to induce a 1.05 x & rotation
about the y axis, which is determined as dis-
cussed below. In Fig. 3B, the TP arrives at #;, =
1.3 ns, when the projection of the spin is mainly
along the x axis. This component of the spin is
thus rotated by the TP through ~n radians. The

TP at tﬁ

=1.3ns

Delay (ns)

data points) taken along the dashed
red lines in (A) and (B) showing the
effect of the TP. (C) and (E) are with
no TP and fyrope = 0 and 2 ns,
respectively; in (D) and (F), ts, =
1.3 ns and fyope = 0 and 2 ns,

tprobe=2 ns |

| \°°\/O°‘

tprabe:2 q S OI

L

respectively. The solid red curves
are odd-Lorentzian fits from which
the KR amplitude 6, is extracted.
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predicted spin dynamics as given by Eq. 3 is
shown in the dotted red line, and the same curve
convolved with the probe pulse is given by the
solid red line. This curve is not a fit: All of the

parameters are determined either in the fit to
Fig. 3A or as discussed below. Only the overall
amplitude of the curve has been normalized.
Here, the spin is initialized at # = 0, and as be-

40 ™ : ;
. TP off
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1 el |
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Fig. 3. (A) Coherent single-spin precession in a transverse magnetic field (8, = 715 G), with error bars
determined as the standard error from the fits to the KR spectra. The solid red line is a fit to Eq. 3
convolved with the probe pulse, and the dotted red line line shows Eq. 3 without the probe pulse
convolution. The diagrams on the right schematically show the evolution of the spin on the Bloch sphere.
(B and €) Spin dynamics under the same conditions as in (A), but with the TP applied at #;, = 1.3 ns (B)
and 2.6 ns () to induce a 1.05 x 7 rotation abouty, with the TP detuning A = 2.65 meV and intensity /y, =
4.7 x 10° W/cm?. The solid red lines show model curves of Eq. 3 using parameters obtained elsewhere,
with probe pulse convolution; the dotted red lines show model curves without probe pulse convolution.
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Fig. 4. (A) Single-spin KR amplitude 6, as a function of TP intensity, at three detunings from the
X~ transition. The TP arrives at t;, = 1.3 ns, and the probe is fixed at fope = 2.5 ns, as illustrated in
(B). The gray lines are fits to Eq. 3, varying only a single parameter, the strength of the OSE (B), and using the
parameters from the fit to Fig. 2A, So /S, =—0.11 and /o = 6.9 x 10° W/cm?. The TP intensity, I,,, required
for a 7 rotation at A = 1.64 meV is indicated by the arrow. (C) /,, as a function of A, as obtained from the fits.
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fore, precesses freely until the arrival of the TP.
After the TP, the spin has been flipped and the
resulting coherent dynamics show a reversal in
sign. This can be clearly seen by comparing the
sign of the measured signal at the position in-
dicated by the dashed line in Fig. 3.

Figure 3C shows the spin dynamics again
with the same parameters, but with #;, = 2.6 ns.
The spin at this delay will have only a small
projection in the x-z plane, and the TP-induced
rotation about the y axis will have only a small
effect on the spin state. This expectation is borne
out in the data, where the spin dynamics show
essentially the same behavior as in the absence of
the TP (Fig. 3A). Again, the model yields quali-
tatively the same behavior.

Further details of this spin manipulation can
be investigated by varying the TP intensity /;,
and the detuning A of the TP from the QD tran-
sition energy for a fixed #y;qbe and #, (Fig. 4B). In
Fig. 4A, the KR signal 0, as a function of Z;, is
shown at 50 = 2.5 ns, with the TP arriving at
tip = 1.3 ns, for three different values of A. When
I, = 0, the spin precesses undisturbed and yields
anegative signal at 5, = 2.5 ns (as in Fig. 3A).
As I, is increased, the spin is coherently rotated
through an increasingly large angle, and the ob-
served signal at fyrope = 2.5 ns changes sign and
becomes positive (as in Fig. 3B). Furthermore,
the strength of the OSE is expected to decrease
linearly with the detuning A (Eq. 1). The gray
lines in Fig. 4A are plots of Eq. 3 with parameters
taken from the fit in Fig. 3A, and ¢4, = B Lijp.
From these curves, we additionally obtain the
phenomenological factor I, = 6.9 x 10° W/em®.
This same value is used in all of the model curves
shown. From this, we can estimate the fidelity of
a 1 rotation to be approximately 80% (27). The
only parameter that is changed between the three
curves in Fig. 4A is the strength of the OSE, .
The TP intensity required for a 7 rotation can be
extracted from these fits as 7, = 7t/B, and is shown
in Fig. 4C as a function of detuning, displaying
the expected linear dependence. If the expected
slope of this line is estimated from Eq. 1 with
reasonable parameters, we find a discrepancy of
about a factor of 10 from the measured value,
which may be due to a number of experimental
uncertainties (27).

The data in Fig. 4A most clearly show the
effects of DNP on the observed spin dynamics.
In the absence of nuclear polarization, one would
expect the curves in Fig. 4A to be cosinusoidal,
crossing zero at an intensity half that required for
a 1 rotation. DNP, however, which is maximal
when ¢, ~ /2, distorts this ideal cosine form, as
is well described by the model (27). Additionally,
an effect of the misalignment of the initial spin
direction out of the x-y plane can be seen in the
signal near Iy, = 0. The TP first rotates the spin
into the x-y plane, increasing the signal slightly,
and then rotates it past the x-y plane as Iy, is
increased. This is confirmed by reversing the he-
licity of the TP so that the spin rotation is in the
same direction as the misalignment, instead of
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against it. [This and further control measurements
are discussed in (21).]

Much of the deviation of the data from the
model can be explained by the slow drift of ex-
perimental parameters during the measurement.
In particular, the observed effects are very sen-
sitive to the focus on the sample, because the
intensities of the pump, probe, and TP all vary
quadratically with the focused spot size. Addi-
tional deviations may be due to the simplistic
description of the TP-induced background ef-
fects used here. For example, in the case of
phonon-assisted transitions to the trion state, one
would expect the type of spin-selective decoher-
ence described in (/8). Although there is some
finite probability for the TP to excite the trion
state, the control measurements described in the
supporting online text show that TP-induced spin
coherence is not the dominant mechanism for the
spin control observed here. Further measure-
ments of the background effects will be needed to
determine their cause, with the aim of increasing
the fidelity of these single spin rotations.

In principle, at most 200 single-qubit flips
could be performed within the measured 7>* of
6 ns. However, by using shorter TPs and QDs
with longer spin coherence times, this technique
could be extended to perform many more opera-
tions within the coherence time. A mode-locked
laser producing ~100-fs TPs could potentially

exceed the threshold (~10% operations) needed
for proposed quantum error-correction schemes
(28). Additionally, the spin manipulation dem-
onstrated here may be used to obtain a spin echo
(29), possibly extending the observed spin co-
herence time. These results represent progress
toward the implementation of scalable quantum
information processing in the solid state.
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Coherent Dynamics of a Single
Spin Interacting with an
Adjustable Spin Bath

R. Hanson,**t V. V. Dobrovitski,? A. E. Feiguin,* 0. Gywat,* D. D. Awschalom®

Phase coherence is a fundamental concept in quantum mechanics. Understanding the loss of
coherence is paramount for future quantum information processing. We studied the coherent
dynamics of a single central spin (a nitrogen-vacancy center) coupled to a bath of spins (nitrogen
impurities) in diamond. Our experiments show that both the internal interactions of the bath
and the coupling between the central spin and the bath can be tuned in situ, allowing access to
regimes with surprisingly different behavior. The observed dynamics are well explained by analytics
and numerical simulations, leading to valuable insight into the loss of coherence in spin systems.
These measurements demonstrate that spins in diamond provide an excellent test bed for models

and protocols in quantum information.

uantum systems interact with their
environment, resulting in a loss of initial
coherence over time (/). Such system-
bath interactions are studied extensively
in a few canonical examples such as the spin-
boson model (2) and the central spin model. In
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the latter, the coherence of a single spin (the
central spin) in contact with a bath of spins is
investigated (3—17). Study of the central spin
problem may shed light on the emergence of
the classical world from a collection of interact-
ing quantum systems (/). Moreover, understand-
ing spin-bath interactions is crucial for using
spins in solids for quantum information pro-
cessing (/2—14), in which the efficient isolation
of single quantum systems from their environ-
ment is required.

Studies in the field of nuclear magnetic res-
onance (NMR) and electron spin resonance have
yielded detailed information about magnetic in-

teractions in ensembles of spins (/5). Recently, it
has become possible to detect and coherently con-
trol individual spins (16, 7), allowing studies of the
central spin model on truly single spins and pos-
sible applications in high-resolution magnetom-
etry (18). We report here on a detailed study of
the coherent dynamics of a single spin of a
nitrogen-vacancy (NV) center in contact with a
bath of nitrogen (N) impurity spins in diamond.

NV centers are well suited for studying spin
interactions: Their spin state can be optically
imaged, initialized, and read out, as well as con-
trolled with high fidelity. In ultrapure diamond,
the spin coherence time reaches hundreds of
microseconds, being limited only by the weak
interactions with nuclear spins of carbon-13
(19, 20). Therefore, the presence of nearby
electron spins in diamond, even if few in number,
can strongly influence the NV center spin, as the
magnetic moment of an electron spin is three
orders of magnitude larger than that of a nuclear
spin.

In type Ib diamonds, as studied here, the mag-
netic environment of an NV center is dom-
inated by N impurities (27), which carry an
electronic spin of 1/2. These N spins are not
optically active themselves but can be detected
through the magnetic dipolar coupling with the
NV center spin (22, 23). Previously, spin pairs
were studied in which the dynamics of a single
NV center spin were dominated by a single
nearby N spin (9, 24). We studied the opposite
regime, where the central spin (the NV center) is
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