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ronment (nearby hydrogen nuclei) (SOM text).
For both sequences, the noise coefficients cw do
not statistically deviate from the scaling implied
by uncorrelated errors (fig. S3), although, as
noted above, this does not guarantee that the
errors are uncorrelated.

Our method provides an efficient protocol
for the characterization of noise in contexts
where the target transformation is the identity
operator, for example, a quantum communica-
tion channel or quantum memory. However, the
protocol also provides an efficient means for
characterizing the noise under the action of a
nonidentity unitary transformation. One approach
is to decompose the unitary transformation
into a product of basic quantum gates drawn
from a universal gate set, where each gate in
the set acts on at most 2 qubits simultaneous-
ly. Hence, the noise map acting on all n qubits
associated with any two-qubit gate can be
determined by applying the above protocol to
other n−2 qubits while applying process
tomography to the two qubits in the quantum
gate. Another approach is to estimate the aver-
age error per gate for a sequence of m gates,
such that the composition gives the identity
operator. Such a sequence can be generated by
making use of the cyclic property Um = 1 of
any gate in a universal gate set or by choosing a
sequence of m−1 random gates followed by an

mth gate chosen such that the composition gives
the identity transformation.
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Nuclei-Induced Frequency Focusing of
Electron Spin Coherence
A. Greilich,1* A. Shabaev,2,3* D. R. Yakovlev,1,4 Al. L. Efros,2† I. A. Yugova,1,5 D. Reuter,6
A. D. Wieck,6 M. Bayer1†

The hyperfine interaction of an electron with the nuclei is considered as the primary obstacle to
coherent control of the electron spin in semiconductor quantum dots. We show, however, that the
nuclei in singly charged quantum dots act constructively by focusing the electron spin precession about a
magnetic field into well-defined modes synchronized with a laser pulse protocol. In a dot with a
synchronized electron, the light-stimulated fluctuations of the hyperfine nuclear field acting on the
electron are suppressed. The information about electron spin precession is imprinted in the nuclei
and thereby can be stored for tens of minutes in darkness. The frequency focusing drives an electron
spin ensemble into dephasing-free subspaces with the potential to realize single frequency
precession of the entire ensemble.

The possibility of encoding quantum infor-
mation in the spins of quantum dot (QD)
electrons has attracted considerable at-

tention (1, 2). The spatial confinement protects
the spins against the primary relaxation mecha-
nisms in bulk, all of which arise from coupling of
spin and orbital momenta. However, the electron
hyperfine interaction with the lattice nuclei is en-
hanced by confinement, leading to spin deco-
herence and dephasing (3–10) and thus posing
severe difficulties for processing quantum infor-
mation. General schemes for suppressing deco-
herence have been discussed already (11). Electron
spin relaxation in QDs may be overcome by po-

larizing the nuclear spins (12, 13), but the high
degree of polarization required, close to 100%
(12), has not been achieved yet (14–16).

We find that the hyperfine interaction, rather
than being detrimental, can be used as a precision
tool by demonstrating that it modifies the con-
tinuous mode spectrum of the electron spin pre-
cession in a QD ensemble into a few discrete
modes. The information on this digital spectrum
can be stored in the nuclear spin system for tens
of minutes because of the long nuclear memory
times (17, 18).

In a QD ensemble, fast electron spin dephas-
ing arises not only from nuclear field fluctuations

but also from variations of the electron g factor,
leading to different spin precession frequencies.
The dephasing due to these unavoidable varia-
tions can be partly overcome by mode-locking
(19), which synchronizes the precession of spe-
cific electron spin modes in the ensemble with
the clocking rate of a periodic pulsed laser. Still, it
leaves a substantial fraction of dephased electron
spins, whose precession frequencies do not satisfy
themode locking conditions.We demonstrate that
the nuclear spin polarization adjusts the electron
spin precession frequency in each quantum dot
such that the whole ensemble becomes locked on
very few frequencies.

The experiments were done on an ensemble
of self-assembled (In,Ga)As/GaAs QDs (19, 20),
each dot containing on average a single electron
(21). The electron spin precession about a per-
pendicular magnetic field was studied by a pump-
probe Faraday rotation (FR) technique with ps
time resolution (22). Spin coherence is generated
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by circularly polarized pump pulses with wave
vector parallel to the structure growth axis (z axis)
and detected by rotation of the linear polarization
of probe pulses. The excitation laser emits pulses
with 1.5-ps duration at a rate of 75.6MHz, equiv-
alent to a pulse separation TR = 13.2 ns (see
sketch in Fig. 1A). The excitation is resonant
with the ground state charged exciton consisting
of two electrons with opposite spins and a hole.

The top trace in Fig. 1A shows a FR signal of
the QD ensemble, created by a single pump pulse
train. The signal at positive delays shows a fast
decay on a ns time scale due to dephasing of the
spin coherence by the ensemble spread of pre-
cession frequencies. The modulation arises from
neutral exciton contributions (20). The signal at
negative delays is due to constructive interfer-
ence of electron spin precession modes fulfilling
the phase synchronization conditions (PSC):w =
2pK/TR, where K is an integer (19).

Much more flexible tailoring of the mode-
locked distribution of spins is possible through a
two pump pulse protocol (23). Each pump pulse
was split into a doublet with a delayTD= 1.86 ns≈
TR/7 between the two pulses (Fig. 1A). The cor-
responding FR signal is shown by the middle trace
in Fig. 1A. Excitation by such a pump doublet

leads to a sequence of FR signal bursts, which ap-
pear not only at themoments of pump pulse arrival
but also periodically before and after the pump
doublet with a period equal toTD. These bursts arise
from constructive interference of modes satisfying
the two pulse protocol PSC of w = 2pK/TD (23).

The FR signal pattern created by the two pulse
protocol is memorized over minutes. One would
expect that blocking of the second pulse in a pump
doublet would destroy the periodic FR burst pat-
tern on the ms time scale of the electron spin co-
herence time, T2, in these dots (19). Only the FR
signal around the first pump should remain over
the scanned range of pump-probe delays. Record-
ing of the middle trace in Fig. 1A had the sample
illuminated for ~20 min by the pump-doublet
train. Immediately after this measurement, the sec-
ond pump was blocked, and a FR measurement
using only the single pump train was started (bot-
tom trace in Fig. 1A) beginning from negative
delays. Contrary to the expectations, the signal
shows qualitatively all features of a pump doublet
protocol. A strong FR signal (“burst 0”) appears
around the delays where the second pump was
located. Further signals, denoted burst 1 and burst
2, also appear. The system therefore remembers
for minutes its previous exposure to a two pump

protocol. The decay of the burst amplitude with
the increasing burst number is due to the increas-
ing time at which the corresponding signal was
recorded since switching off pump 2.

We have recorded FR traces in a short delay
range around burst 0 for different times after clos-
ing the second pump. In these traces (Fig. 1B),
we observe a strong FR signal even after 40 min.
Because no phase shift between the FR traces
occurs, we can record the decay kinetics at a
fixed delay of 1.857 ns (corresponding to the max-
imum FR signal) versus time after switching off
pump 2 (blue curve in Fig. 1C). The observed dy-
namics can be well described by a bi-exponential
dependence on elapsed time t, a1exp(−t/t1) +
a2exp(−t/t2), as shown by the red line fit to the
data, from which we get a memory time t1 of
1 min, while t2 is 10.4 min. The decay, however,
critically depends on the light illumination con-
ditions.When the system is held in darkness (both
pumps and probe are blocked), no relaxation oc-
curs at all on an hour time scale. This is exem-
plified by the red circles in Fig. 1C, which give
the FR amplitude when switching on pump 1 as
well as the probe after a dark period t.

We have also examined how fast a two pump
pulse train creates the periodic burst pattern in the

Fig. 1. (A) FR traces as function of
delay time between probe pulse and
first pump pulse measured on an en-
semble of singly charged (In,Ga)As/GaAs
quantum dots. The signals were
scanned from negative to positive de-
lays. Details of the optical excitation
protocol are given in the sketch. The
top trace was recorded for a single
pump pulse train. For the middle trace
we used a two pump pulse protocol
with the second pump delayed by TD =
1.86 ns relative to the first one. The
lowest trace was taken for a single
pump pulse. Recording started right
after measurement of the middle trace.
Some times at which the different FR
signal bursts were measured are indi-
cated. The pump and probe power
densities were 50 and 10 W/cm2,
respectively. (B) FR signals measured
over a small range of delay times
around the burst 0 maximum [as indi-
cated by the box in (A)] for different
times after closing the second pump;
at the same time, pump 1 and probe
were always on. (C) Relaxation kinetics
of the FR amplitude at a delay of
1.857 ns (maximum of burst 0) as a
function of time after switching off
pump 2. Beforehand, the system was
treated for 20 min by the two pump
pulse protocol. The blue curve was
measured with pump 2 blocked at t
= 0. The red line shows a bi-exponential time dependence fitted to the data.
The red circles show the FR signal after keeping the system in darkness for
different times and then addressing it by pump 1 and probe. (D) The
kinetics of FR amplitude at the same delay of 1.857 ns when switching at t

= 0 from the single to the two pump pulse protocol. The single pump pulse
exposure before the switch lasted for 20 min. For each of the pumps the
excitation density was 100 W/cm2. The red line is a bi-exponential fit. For
all panels B = 6 T and T = 6 K.
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FR signal. For that purpose, the sample was first
illuminated only by pump 1, and then pump 2was
switched on. Both pumps had a power of 100
W/cm2. The rise of the FR signal was measured
at a FR maximum within burst 1 as function of
time elapsed after switching on pump 2 (Fig. 1D).
The slow component of this rise, tr2, is on a
minutes time scale, and it shortens with excitation
power.

The observed long memory of excitation pro-
tocol must be imprinted in the QD nuclei, for
which long spin relaxation times in high mag-
netic fields up to hours or even days have been
reported (24, 25). The nuclei in a particular dot
must have been aligned along the magnetic field,
B, through the hyperfine interaction with the elec-
tron during exposure to the pump train. This align-
ment, in turn, changes the electron spin precession
frequency, w = we + wN,x, where we = gemBB/(ℏ ),
mB is the Bohr magneton, ge is the electron g
factor, and the nuclear contribution, wN,x, is pro-
portional to the nuclear polarization. The slow rise
and decay dynamics of the FR signal in Fig. 1
indicate that the periodic optical pulse train stim-
ulates the nuclei to increase the number of QDs
for which the electron spin precession frequen-
cies satisfy the PSC for a particular excitation
protocol.

What is driving the projection of the nuclear
spin polarization on the magnetic field to a value
that allows an electron spin to satisfy the PSC?

The nuclear polarization is changed by
electron-nuclear spin flip-flop processes result-
ing from Fermi-contact hyperfine interaction (26).
Such processes, however, are suppressed in a
strong magnetic field because of the energy mis-
match between the electron and nuclear Zeeman
splittings by about three orders of magnitude.
Flip-flop transitions, which are assisted by pho-

Fig. 2. Scheme of effects leading to the nuclei-
induced frequency focusing of the electron spin pre-
cession modes. The periodic resonant excitation by a
mode-locked circularly polarized laser synchronizes
the precessions of electron spins whose frequencies
satisfy the PSC. At the same time, the excitation leads
to a nuclear rearrangement in those QDs, which do
not satisfy the PSC, via optically stimulated electron-
nuclear spin flip-flop processes. The rearrangement
modifies the electron spin precession frequency such
that it becomes frozen when the frequency reaches
the PSC. (A) Average spin relaxation time of the As
nuclei versus the electron spin precession frequency
calculated for the single pump (red) and the two
pump (blue) protocols. The spin relaxation time
calculated in Eq. 11 in SOM text was derived by
using (30, 31). (B) Density of electron spin pre-
cession modes in an ensemble of singly charged
QDs modified by the nuclei, calculated for the single
pump (red) and the two pump (blue) protocols. The
black line shows the density of modes before
frequency focusing due to ensemble dispersion of
electron g factor and nuclear polarization fluctua-
tion. (C) A closeup of (B) for better visibility of the
low density of states range. All calculations have been done for B = 6 T, |ge| = 0.555, Dge = 0.0037, DwN,x = 1 GHz, TR = 13.2 ns, TD = TR/7 ns, and T2 = 3 ms.
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now involved in mode-locked precession. (C) Experimental trace of the FR signal obtained after
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nons compensating this mismatch, have a low
probability because of the phonon bottleneck in
QDs (27, 28). This explains the robustness of the
nuclear spin polarization in darkness to over an
hour (Fig. 1C).

Consequently the resonant optical excitation
of the singlet trion becomes the most efficient
mechanism in the nuclear spin polarization dy-
namics. The excitation process rapidly turns
“off” the hyperfine field of a resident electron
acting on the nuclei, and the field is subsequently
turned on again by the trion radiative decay.
Thereby it allows a flip-flop process during the
switching without energy conservation.

The nuclear spin-flip rate for this mechanism
is proportional to the rate of optical excitation of
the electron,Gl(w). According to the selection rules,
the probability of exciting the electron to a trion
by s+ polarized light is proportional to 1/2 + Sz(w),
where Sz(w) is the component of the electron
spin polarization along the light propagation di-
rection taken at the moment of pump pulse ar-
rival. Therefore, the excitation rate Gl(w) ~ [1/2 +
Sz(w)]/TR. For electrons satisfying the PSC (19):
Sz(w) ≈ −1/2, the excitation probability is very
low because of Pauli blocking. Because of a very
long decoherence time, T2, in our QDs, the ex-
citation rate for these electrons is reduced by two
orders of magnitude to 1/T2 from 1/TR + 1/T2 for
the rest of electrons (in our experiments T2/TR ≈
200) [Supporting Online Material (SOM) text].

Because of Gl(w), the nuclear relaxation rate
has a strong and periodic dependence on w, with
the period determined by the PSC of the par-
ticular excitation protocol: 2p/TR for the single
pulse train and 2p/TD for the double pulse train
(Fig. 2A). The huge difference in the nuclear flip
rate explains why wN,x in each QD tends to reach
the value allowing the electron spin to fulfill the
PSC. In QDs with the electron spin not matching
the PSC, the nuclear contribution to w changes
randomly because of the light stimulated nuclear
flip-flop processes on a seconds time scale. The
typical range DwN,x of this contribution to w is
limited by statistical fluctuation of the nuclear spin
polarization. For the studied (In,Ga)AsQDs,DwN,x

is on a GHz scale (SOM text) and comparable
with the separation between the phase-synchron-
ized modes 2p/TR ~ 0.48 GHz. As a result, the
nuclear contribution occasionally drives an
electron to a PSC mode, where its precession
frequency is virtually frozen on a minutes time
scale. This leads to the frequency focusing in
each QD and to accumulation of the QDs, for
which electron spins match the PSC.

The frequency focusing modifies the spin pre-
cessionmode density in theQDensemble (Fig. 2B
and its closeup in C). Without focusing, the den-
sity of the electron spin precession modes is
Gaussian with a width

Dw =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

½DwN ;x"2 þ ½mBDgeB=ðℏ
q

Þ"2, where Dge

is the g factor dispersion. Frequency focusing
modifies the original continuumdensity to a comb-

like distribution. Eventually the whole QD en-
semble participates in a coherent precession
locked on only a few precession frequencies.
This suggests that a laser protocol (defined by a
pulse sequence, width, and rate) can be designed
to focus the electron-spin precession frequencies
in the QD ensemble to a single mode. To cal-
culate the spin precession mode density in Fig. 2,
we have applied a “box model” (29), in which
the electron wave function has a finite ampli-
tude 1/

ffiffiffiffi

V
p

inside the QD volume, V, and is zero
outside (SOM text).

The quantitative appearance of the spin pre-
cession mode density depends strongly on the ex-
citation protocol. The complex evolution of the
mode density caused by the switching between
pumping protocols is described by Eq. 16 in
(SOM text). Some of its features observed in the
FR signal can be explained qualitatively. For
example, the almost instantaneous FR signal rise
when switching from the single to the two pump
pulse protocol in Fig. 1D can be traced to the 1/7
fraction of QDs that, after exposure to the single
pump pulse protocol, already fulfill the PSC for
the two pump pulse protocol without any nuclear
rearrangement (Fig. 2B). In the opposite case
of switching from two to single pump pulse
excitation, almost all QDs, which satisfy the PSC
before the switch, continue to be mode-locked
afterward (Fig. 2C). Changes of nuclear spin po-
larization are suppressed in these QDs, leading
to a dynamics in the minutes time range (SOM
text) and explaining the slow FR signal decrease
in Fig. 1C.

The focusing of electrons into PSC modes is
directly manifested by the FR signals in Fig. 1A,
because it causes comparable FR amplitudes be-
fore and after the pump pulses. The calculations
demonstrate that, without frequency focusing, the
FR amplitude at negative delays, Aneg, does not
exceed 30% of the positive delay signal ampli-
tude, Apos (Fig. 3A). The strong optical pump
pulses in the experiment address all QDs, and
their total contribution shouldmake the FR signal
much stronger after the pulse than before, when
only the mode-locked electrons are relevant.
However, the nuclear adjustment increases the
negative delay signal to more than 90% (Fig. 3B).
This is in agreement with the experimental data
in Fig. 3C, which show only the electron con-
tribution to the FR signal. The large value of
Aneg/Apos confirms that in our experiment almost
all electrons in the optically excitedQD ensemble
become involved in the coherent spin precession.
The calculations of the intensity dependence of
the ratio Aneg/Apos show that the nuclear focusing
increases the ratio of electrons involved in the
coherent spin precession to their total number,
npsc/n, almost to unity, even at low excitation
intensity (Fig. 3, D and E).

We have shown that the nuclei in singly
charged QDs exposed to a periodic pulsed exci-
tation focus almost all the electrons in the en-
semble into a coherent electron spin precession.
The exciting laser acts as a metronome and es-

tablishes a robustmacroscopic quantumbit, which
exists in dephasing free subspaces. Thismay open
promising perspectives on the use of an ensemble
of charged QDs with the single electron coher-
ence time T2.
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