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In this study, we evidence hole spin mode locking in a largely inhomogeneous p-doped InAs quantum dot (QD)
ensemble, Ag’/g" A~ 34%, which allows us to reveal a long spin coherence time of 7}' ~ 0.8 us. In addition,
with a two-pump experiment, we demonstrate, in a low magnetic range 60—120 mT, the possibility to synchronize
and tune a single subset of QDs through the distribution. Experiments are supported by an analysis within the

density matrix approach.
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The resident spin of a carrier confined in a quantum
dot (QD) is a promising candidate for quantum information
systems. Until recently, most theoretical and experimental
studies have been centered on the electron spin, and have
demonstrated that the ultimate limitation, at low temperature
and zero magnetic field, is the hyperfine interaction of an
electron with a nuclear-spin ensemble. Due to the limited
number of QD nuclei interacting with the electron spin,
on the order of 10°, random fluctuations of the nuclear-
spin bath lead to a dephasing time on the order of ns for
InAs QDs. Recently, the initialization of hole spin has been
demonstrated,'”” and it has emerged as a more attractive
candidate, with a one-order-of-magnitude weaker hyperfine
coupling.*3-12 Several studies have reported a long hole spin
relaxation time Tlh, from us to ms, under different conditions
of temperature and magnetic field.":'3-'¢ In early single-hole
experiments of coherent population trapping, the hole spin
coherence time was estimated to be larger than 100 ns.'”
In more recent experiments in time domain, the hole-spin
coherence time has been found to be <20 ns, but these single
hole-spin measurements were affected by electrical-noise'%!
or nuclear-spin?® fluctuations. Recent spin-echo experiments
allow to circumvent the inhomogeneous decoherence and
measure a much longer hole-spin coherence time 77, in the
microsecond range between 6 and 10 T.'® This value is of the
same order of magnitude as for electrons’! and represents an
upper bound on the free-induction decay time of hole spin
coherence.”

For electron spins, the possibility to go beyond the ensemble
inhomogeneities and to measure a long coherence time by
using a periodic train of circularly polarized pulses has been
demonstrated. A single pulse creates an ensemble of electron
spins along its propagation direction and perpendicular to an
external magnetic field (Voigt geometry). Each electron spin
precesses about the field and, due to the inhomogeneity of
the precession frequencies, the phase coherence is quickly
lost. The train of pulses allows the phase synchronization of
subsets of the whole spin ensemble, for which the precession
frequency is a multiple of the laser repetition rate. This effect
was called “electron spin mode locking.”?>?* It has allowed
the measurement of an electron spin coherence time of 600 ns
at 2 T, and 3 us at 6 T,® in an ensemble of InGaAs QDs
with a relative dispersion of the in-plane electron Landé factor
Agi/gr ~ 1%.
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Holes are more sensitive than electrons to the anisotropy of
local electrostatic fields, strains, and geometrical asymmetry
of the confinement potentials, especially the in-plane Landé
factor gl |.'%720-2627 This leads to a broad distribution of g |
and may prevent the observation of a hole spin synchronization
signal. In this Rapid Communication, we evidence the mode
locking of hole spins in a largely inhomogeneous ensemble of
p-doped InAs/GaAs QDs with a relative dispersion A gfc’ /8% &~
34%. As expected, when the hole spin dephasing time is
controlled by the g inhomogeneities, we found a linear
dependence of the hole-spin dephasing rate 1/7, on the
magnetic field, and we then extracted information on Agﬁ. We
show that, as for the electron spin,23'28 the coherent response of
the synchonized QD assembly can be controlled and amplified
by a second laser pulse. Finally, a model of coupled trion
and hole spin dynamics enables to estimate a lower bound
to T{' = 0.8 us, which is in good agreement with recent
spin-echo measurements'® and is much longer than the time
obtained in single-hole experiments, %2

The p-doped QD structures were grown by molecular beam
epitaxy and have been described elsewhere.” The sample was
placed at 2 K in a cryostat containing a split superconducting
coil which allows the application of a magnetic field in
the plane of QDs. A train of 2-ps pulses from a 76-MHz
mode-locked Ti:sapphire laser, tuned to the trion transition
at 1.36 eV, is split into pump and probe beams propagating
along the growth direction (i.e., z). One or two pump beams
excite the sample, their polarization being o+ /o~ modulated
at 500 kHz with an electro-optic modulator. The pump spot
radius (& 30 um) on the sample is slightly larger than the spot
of the probe beam. The probe beam is linearly polarized and
modulated at 370 Hz; after probe transmission through the
sample, the photoinduced circular dichroism (PCD) signal is
measured (see Ref. 2).

Figures 1(a) and 1(b) show the PCD signal obtained at
2 K in p-doped InAs/GaAs QDs under magnetic field B,:
The PCD signal oscillates and is rapidly damped. At positive
pump-probe delays, the PCD signal associates contributions
from the photocreated electron spins in the trion states and
from the resident-hole spins. At negative delays, the nonzero
signal PCD(# < 0) is a signature of the coherent evolution of
the resident-hole spin. The oscillation amplitude at# < Oisless
pronounced but clearly observed [see Fig. 1(b)]. PCD(t < 0)
is due to the QD subsets which interfere in a constructive
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FIG. 1. (Color online) (a) PCD signal at 2 K vs pump-probe delay for different B, values and an excitation density of 2 mW. (b) PCD
signal at 788 mT: Data (open symbols) and theoretical curve (solid line; parameters: g¢ = —0.31, g/ = 0.41, T¢ = 500 ps, Ag®/g¢ = 9%,
Agl/g" = 34%, T)' = 800 ns, and & = 0.97r). The trion-spin and resident-hole spin contributions are shown by the dashed and dotted lines,
respectively. (c) and (d) Field dependence of 1/7}* and wj,, and 1/T* and w, (circle and square symbols, respectively). Solid lines are fits (see
text). (e) Magnification of the PCD(¢ < 0) at 788 mT: experimental data (open circles), and theoretical curves (lines) for different Tz".

way beyond 7T because of their quasihomogeneous T2h > Ty
(T, = 13.1 ns, the laser period). They fulfill the condition of
phase synchronization for a hole spin, i.e., w, = upg"B,/h =
2n N /Ty, where N is an integer.

We can consider two main sources for the inhomogeneity
of electron- and hole-spin ensembles. First, a confined carrier,
an electron or hole, is subject to a hyperfine field due to
nuclear-spin fluctuations which are different from QD to
QD.!%% The hyperfine dephasing time 72" is independent
of B, and is on the order of 1 or 10 ns for the electron and
hole, respectively.*!"!> Second, the inhomogeneity of Landé
factors leads to a spreading of the spin precession frequencies.
Assuming a Gaussian distribution for both dephasing sources,
the dephasing rate for electron and hole can be written as
1/ T}(Bo) = NI/ T + 2npAgy" By /)17

In order to obtain the mean-value parameters defin-
ing the PCD signal and dephasing, we have Mfit-
ted PCD(r < 0) to a damped cosine, PCD(t < 0) =a +
beos(wyt)expl—(t/2T;%)*]. The damping of the PCD oscil-
lations at positive delays is due to two different contribu-
tions: the radiative recombination of trions [tz = 800 ps
(Ref. 9)] and the hole- and electron-spin ensemble inho-
mogeneities. We have fitted the PCD(r > 0) curves be-
yond T} with the following expression: PCD(t > T;}) = a +
ccos(wet)exp[—(t/ZTe*)z]exp[—(t/rR)]. Figure 1(c) shows the

magnetic-field dependence of 1/7; and 1/7;". For holes,
the magnetic field meets the condition B, > h/upAghT?
and 1/7; shows a linear B, dependence, 1/7,(B;) =
\/E(MBAng’Bx/h), with Ag" = 0.14. For electrons, 1/T) is
determined by 1/7% and Ag¢. The solid line in Fig. 1(c)
represents a fit to the expression 1/T, with 7§ = 500 ps;’
we obtain Ag? = 0.028.

Figure 1(d) shows the linear dependence of w,; on
magnetic field; from the fitting solid lines, we obtain the
values |g7| = 0.3 and | g§‘| = 0.41. We underline that a large
number of QD subsets contribute to the PCD(¢ < 0), and then
we obtain a mean value of | gi‘|. The measured |g¢| and its
dispersion Agi/|g¢| are in good agreement with previous
results reported on InAs QDs;*”** meanwhile the gi‘ value is
relatively large and dispersed. That could be explained by the
g" sensitivity to the structural parameters of QDs as discussed
in Ref. 26. Indeed, recent p-luminescence experiments in
similar InAs QDs show a large dispersion.’! Moreover, spin-
noise experiments in ensembles of QDs (Ref. 32) lead to a
value ranging from 0.05 to 0.2 for InGaAs QDs, emitting
between 1.38 and 1.40 eV.

In parallel to this straightforward analysis of our PCD
data, we have used the density matrix formalism to model
the interconnected hole-trion spin dynamics, and we have
treated, in a sequential way, the pump pulse interaction with
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the p-doped QDs, as well as the coherent free evolution
between two consecutive pump pulses. A QD is described by
four quantum states: The two hole ground states |J, = +3/2)
are denoted by |S§’ =+41/2) = 1) and |S§’ =—1/2) =|2)in
the pseudospin 1/2 formalism, and the first excited (trion)
states are denoted by |S? = —1/2) = |3) and |S{ =1/2) =
|4). In the range B, = 0-1.2 T, the spectral width of the
pulses is greater than the Zeeman splitting along the x
direction. A o ps-pump pulse modifies the density matrix
operator p of the involved four-level system according to the
unitary transformation p(0%) = U(,+(9)/)(0’)U;'+ (0), where
Ut (0) = (s "33 ). ) ® Ty1) and 0 is the Rabi angle.
The evolution between two pulses is described by using the
von Neumann equation p = %[Hz,p] + ¢[p], where H; =
%ha)eaxx+ + %ha)ha)f’ is the Zeeman Hamiltonian (iw; =
gimp By, j = e,h), in which oX* (respectively o) is the x
Pauli matrix associated with the trion spin (respectively the
hole spin). The dissipator £[p] is the sum of six contributions:
Two terms are related to the spontaneous emission with
the form y;[2¢; pe]” — {¢f ci,p} 1 (1 = y2 = 5.1 = [1) (4],
¢» = |2)(3]); four terms take into account the effective deco-
herence mechanisms acting on both trion and hole spins, with
the form y;[2¢,0¢" — (¢ G p}e] (3 =ya=1/2T}, &3 =
14)(3], & =&, and ys = y = 1/2T), &5 = [2)(1], &6 = &)
in the eigenstate basis, along the x axis, (|Sfc' =41/2) =
D), 18y =—1/2) = |2),1S; = —1/2) = 13), S} = +1/2) =
|4}). The trion Larmor oscillation damping of the photocreated
electron spin ensemble is affected by Ag¢ and 1/7y, and is
given by the expression 7,°(By,), as already mentioned. The pe-
riodic optical excitation gives rise to a stationary regime which
fulfills the condition p(0™) = p(T}), whatever is the employed
protocol (the one-pulse or the two-pulse one). Solving this
equation gives the initial hole spin state, which is then injected
in the kinetic equations. Finally, the PCD dynamics is deduced
by computing PCD o [ Tr[p(t)(c! — o XT)|W(g")dg", with
W (g") the g-factor Gaussian distribution. To describe the two-
pump experiment, discussed later, the second pulse perturbs
the spin dynamics evolution at its arrival time T in the same
way as the first pulse, p(T) = Uq+(0)p(T)US,(6).

Figure 1(b) shows the experimental and calculated PCD
signals obtained at low temperature and 788 mT. The calcu-
lated PCD signal strongly depends on Tzh and on the Rabi
angle 6 when the other physical parameters involved in the
calculation are fixed or known. To estimate experimentally
0, the amplitude dependence of the PCD(¢ < 0) signal on
the excitation density has been studied. Figure 2(a) shows
that, as for previous studies,>»** the calculated curve has
a maximum at 6 # w. The amplitude of the experimental
signal reaches a maximum and then remains almost constant.
This behavior is the signature of the 6 inhomogeneity which
avoids the observation of a maximum and a minimum at
0 = 2m, as predicted [the inset of Figure 2(a)]. A quite good
agreement between the experimental and the calculated PCD
curve is shown in Fig. 2(a) when a 6 dispersion is considered,
AB /0 = 40%.% Results shown in Figures 1(b) and 1(e) are
obtained for 6 ~ 0.97r. Figure 1(e) shows the sensitivity of the
calculated PCD(r < 0) curve to the Tzh value.

We have also split each pump pulse into two pulses with a
fixed delay Tp between them. Figure 3(a) shows PCD signals
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FIG. 2. (Color online) (a) Amplitude of PCD(¢ < 0) for a single-
pump excitation and (b) replica amplitude for a double-pump
excitation vs the pump-pulse Rabi angle. Experiment: solid symbols;
theoretical curve: solid line. The fitting curves are obtained with a 6
dispersion of 40% and 55%, respectively (corresponding to slightly
different experimental conditions). Insets: Theoretical curves without
60 dispersion. Arrows in (a) and (b) indicate the excitation conditions
for data shown in Figs. 1(b) and 3(c), respectively.

for the case of a double-pump excitation with Tp = 77,/9 and
different field values. We observe that, as for experiments
with a single-pump excitation, the coherent response of the
synchronized QD ensemble is visible just before and after
each pump pulse. Due to the weakness of the signal at negative
delays, a magnification of the PCD is shown for clarity. Now,
for a train of doublet pulses, the synchronization condition
is more selective because it has to be extended also to the
Tp interval, w;, = /LBgi’ B./h =2k /Tp. We can distinguish
two regimes in Fig. 3(a): the low- and moderate-magnetic-field
regimes. The low-field regime [also represented in Fig. 3(b)
for B, = 60-100 mT] is characterized by the presence of an
oscillatory signal after the second pump beam and at negative
delays. As stated above, for a single-pump excitation, at low
field, arelatively slow 7} is responsible for a weak damping of
the oscillations at negative delays. For moderate fields (0.47 <
B, < 1.2T), as already evidenced for electrons,?® we observe
a coherent hole-spin signal at a negative delay in the form of
a replica at —Tp of the first pump pulse. This replica is the
result of the synchronization of a larger number of precession
modes than in the curves shown in Fig. 3(b) and obtained in
the low-field regime. Figure 3(c) shows this replica in more
detail at 731 mT for Tp = T./9.

In low fields, in the range 60-120 mT, a strong selectivity
of QD subsets participating in the PCD signal is obtained. A
small modification of B, leads to a change in the oscillation
amplitude, but does not affect their frequency [see Fig. 3(b)]:
Only one subset of QDs meets the phase synchronization
condition ) =27/Tp and makes a complete oscillation
[fundamental synchronized mode (FSM)] just before the
arrival of the second pump pulse. By modifying the B, value,
we change the subset of QDs contributing to the synchronized
signal. The higher is the magnetic field, the lower is the |g”|
value of the FSM. In this way, we scan the broad distribution
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FIG. 3. (Color online) (a) PCD signal at 2 K vs pump-probe delay for different values of B, and for a double-pump excitation. The density
of excitation for each pump was ~1 mW. The signal has been amplified (50 x ) at negative delays. (b) Upper panel: PCD(¢ < 0) vs pump-probe
delay in the low-field regime. Lower panel: |g”| distribution; vertical lines indicate the |g”| value of FSM associated with B, shown in the upper
panel. (c) PCD vs delay at B, = 731 mT; experiment: solid symbols; theoretical curve: solid line; parameters are the same as in Fig. 1, with
6 = 0.47 for both pumps. Inset: Magnification of the replica and comparison between experiments and theoretical curves for different 7}'.

of |g"| factors in the high-value side, and at the same time
the amplitude of the PCD signal follows the density of the
FSM. We obtain, for example, that at 66 mT only the subset
of QDs with |gfc‘| = 0.74 contributes to PCD(t < 0). For
B, > 120 mT, several QD subsets clearly contribute to the
PCD signal, for example, two at 120 mT and three at 220 mT
(with |g"| = 0.22, 0.44, and 0.66).

As for a single-pump excitation, the calculated PCD signal
depends strongly on 6 and Tzh. We have studied the dependence
of the maximal oscillation amplitude of the replica on the
pump density to determine the value of 6 corresponding to
the data of Fig. 3(c). The solid line in Fig. 2(b) is a fit to
the experimental data with A6/0 = 55%. The solid line in
Fig. 3(c) shows the experimental and calculated PCD curve
versus the pump-probe delay for 6 = 0.4 and Tzh = 0.8 us;
the agreement is very good. We estimate a lower bound
to 77" by determining the minimum value of 7' that gives
a good fit of the experimental PCD curves, in a temporal
window of 4 ns, for one [see Fig. 1(e)] and two pumps [see
Fig. 3(c)] simultaneously.* A constant value of 7) = 0.8 us
was obtained in moderate By, which is in good agreement with
recent spin-echo measurements'® and coherent population
trapping.'” Moreover, this value is almost three times smaller
than 7" obtained in the same sample at similar magnetic
fields."> The hyperfine interaction has been identified at

the origin of a dephasing time in the nanosecond range in
the same sample.’ In the microsecond range, the coherence
time is probably limited by extra nuclear-induced processes’
and/or impurities and an electrostatic environment of QDs. 82!
Further studies are required to determine the decoherence
mechanisms for hole spins.

In conclusion, we have demonstrated the ability to reveal a
long-living hole-spin coherence despite the fast dephasing im-
posed by a large dispersion of Larmor frequencies in a p-doped
InAs QD ensemble. The determined 72" ~ 0.8 s confirms
that the hole spin is a good candidate for a solid-state qubit.
One-pump experiments synchronize the coherent evolution of
several QD subsets to the periodic pulsed excitation, and two-
pump experiments go further in the selection of synchronized
QD subsets. In particular, in the range 60-120 mT, a single
subset of QDs is selected and the inhomogeneous distribution
can be scanned by sweeping the applied magnetic field.
Two-pump experiments also allow to control and manipulate
the hole-spin coherence in an ensemble of QDs and then open
perspectives for quantum information devices.

Note added. On completion of the publishing process, we
became aware of a related publication, see Ref. 35.
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