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We study, at low temperature and zero magnetic field, the hole-spin dynamics in InAs/GaAs quantum
dots. We measure the hole-spin relaxation time at a time scale longer than the dephasing time (about ten
nanoseconds), imposed by the hole-nuclear hyperfine coupling. We use a pump-probe configuration and compare
two experimental techniques based on differential absorption. The first one works in the time domain, and
the second one is a new experimental method, the dark-bright time-scanning spectroscopy (DTS), working in
the frequency domain. The measured hole-spin relaxation times, using these two techniques, are very similar,
in the order of T} ~1 us. It is mainly imposed by the inhomogeneous hole hyperfine coupling in the hole
localization volume. The DTS technique allows us also to measure the hole-spin initialization time t;. The hole
spin is initialized by a periodic train of circularly polarized pulses at 76 MHz; we have observed that 7; decreases
as the power density increases, and we have measured a minimum value of 7; 100 ns in good agreement
with a simple model [seeB. Eble, P. Desfonds, F. Fras, F. Bernardot, C. Testelin, M. Chamarro, A. Miard, and

A. Lemaitre, Phys. Rev. B 81, 045322 (2010)].
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I. INTRODUCTION

The spin of a carrier confined in a quantum dot (QD) is a
good candidate for applications in nanoscale spintronics and
as a solid-state qubit.'> A major obstacle in these applications
is the decoherence due to the coupling of the spin with its
environment. That is why the electron spin relaxation and
decoherence sources in QDs have been intensively studied
in the last few years; some more limited number of studies
have centered on the hole spin. The main conclusions of these
studies are that in moderate magnetic fields (1-10 T) and at low
temperature, the electron 7} and the hole Tlh spin-relaxation
times are governed by the same mechanism, i.e., the spin-orbit-
mediated single-phonon scattering,*® which leads to relatively
slow relaxation times in the range of milliseconds’'* with T}"
five or ten times smaller than 7}.'> However, the electron- and

hole-spin coherence times T;’h have been found to be in the
microsecond range up to 15 K,'*~!7 and for higher temperatures
Ty has shown a sharp decrease'® related to the modulation by
phonons of the hyperfine (hf) interaction with the random
fluctuating host nuclear spins.

The hf interaction has been identified as the dominant
electron- and hole-spin dephasing source at weak or zero
magnetic field and low temperature in QDs,!3> leading to
a dephasing time in the order of nanoseconds or tens of
nanoseconds. Unlike electrons for which the contact term
is the predominant contribution of the hf interaction, holes
couple more weakly to nuclear spins via the anisotropic dipole-
dipole term of the hf interaction.”*?> Recently, the relative
strength of the electron-nuclear coupling to the hole-nuclear
coupling has been measured to be of the order of ten.2*8
Meanwhile, when the effect of the nuclear dipole-dipole
interaction is neglected,” theoretical works predict for both
carriers two-time scales in the spin dynamics imposed by the
hf interaction.'®2%-3% The shorter time scale, in the nanosecond
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range, has been previously observed for both the electron
and hole.'*?>?3 Indeed, in a singly charged QD ensemble,
each carrier-precession period is controlled by the hf field of
the surrounding nuclei. At the carrier-precession timescale,
due to the small variations of the nuclear effective field, it
can be considered as frozen, but its dot-to-dot fluctuations
induce a carrier spin dephasing and a partial relaxation of
the ensemble spin carriers characterized by a dephasing time
To" 1825 A Jonger relaxation time scale in the carrier spin
dynamics also arises from the inhomogeneity of the carrier
wave function, which makes the nuclear field change in
time—the contribution of an individual nucleus to the nuclear
field being proportional to the square of the carrier wave
function at its place. Then, the slow carrier spin relaxation
is related to this slow frozen field variation, which induces
a carrier spin relaxation at a timescale T,f’,’h longer than the
ensemble dephasing time 72" (To" ~ VNT"). 1831 The
absence of the long time scale in the electron spin relaxation
for an homogeneous hf coupling has been confirmed recently
by Kozlov,?? who has calculated the exact solution of the hf
hamiltonian describing the interaction of a single spin with
nuclear spins and demonstrating that the incomplete spin
relaxation is only fixed by the shorter time scale, i.e., the
dephasing time 7.

In this paper, we address the hole-spin dynamics at low
temperature and zero magnetic field at a scale longer than
the dephasing time, T, imposed by the hole hf interaction
in p-doped InAs QDs (about ten nanoseconds).?* This slow
scale has not yet been experimentally explored for hole
spins in QDs. We introduce a new experimental method,
working in frequency domain, to measure the hole-spin ini-
tialization and relaxation times: the dark-bright time-scanning
spectroscopy (DTS). A pump-probe configuration is used
to separate the long-living hole-spin polarization from the
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short-living photocreated trion-spin one. The intensity of
the pump beam is switched on and off by an acousto-optic
modulator, producing bright and dark excitation intervals of
variable duration, with rise and fall times <50 ns. Under
these experimental conditions, the Fourier components of
the hole-spin polarization signal are sensitive probes of the
hole-spin initialization and relaxation times, in the range from
50 ns to 1 ms.

II. SAMPLE AND EXPERIMENTS

The investigated sample contains p-doped InAs/GaAs QDs
grown by molecular beam epitaxy on a (001) GaAs substrate;
more details about this sample are given in Ref. 33. To
probe the resident hole-spin polarization, we measured the
photoinduced circular dichroism (PCD) in the QD sample. A
permanent train of 2-ps pulses from a mode-locked Ti:sapphire
laser with a 76-MHz repetition rate is split into pump and
probe beams. The pump beam polarization is circular, and the
probe beam is linearly polarized. After transmission through
the sample, the probe beam is decomposed into its two circular
components, and the difference in their intensities is measured
with a balanced optical bridge to obtain the PCD signal >*3
The probe beam is modulated at 470 Hz, and the signal on the
probe beam is recorded with a lock-in amplifier.

The spin initialization of the resident carriers in the p-doped
QDs can be obtained by an optical pulsed excitation, circularly
polarized and resonant with the trion transition.?*3* The
efficient electron hf interaction imposes a coupling of both
electron spin projections during the trion lifetime and, after
emission of a circularly polarized photon, is at the origin of
the hole-spin initialization. We will discuss in more detail the
initialization mechanism in the last section of this article.

A. Experiments in time domain using a pulse picker

To explore the hole-spin dynamics at a long time scale, we
have first increased the interval between the pump pulses by
using a pulse picker in our experimental setup.’® The pump
beam polarization is o + /o — modulated at 42 kHz with
a photoelastic modulator in order to prevent any dynamical
polarization of the nuclear spins (DNP).

The inset of Fig. 1 shows the PCD decay curve obtained
at 2 K when the period of the laser pulses is N7, ~ 13 ns
(N = 1). Similar curves are obtained for each selected
pump-pulse interval N7, with N = 1,2,3,. .., 20. The signal at
negative delays, PCD(Nt,), i.e., at a delay larger than the
trion lifetime (Tx =~ 800 ps, see Ref. 23), is unambiguously
associated to the hole-spin polarization, and it is subject
to the anisotropic hole hf interaction. In Fig. 1, we have
plotted the normalized signal at negative delay, PCD(t =
Nt)/PCD(t,.f = 1 ns) withN =2,3,.. ., 20, as a function of
the time interval between the pump pulses. This experimental
method presents, nevertheless, two main difficulties: first, the
signal-to-noise ratio decreases as the interval between the
pulses increases, because we must tune the peak powers of
the pump and probe pulses to the same values for each laser
period, and then we decrease the mean power; second, a
simple analysis of the experimental decay curves assuming
a mono-exponential decay is not pertinent in the case of a

PHYSICAL REVIEW B 84, 125431 (2011)

coupled dynamics of trion and hole spins imposed by a pulsed
and periodic excitation. Indeed, the hole-spin polarization
decreases not only due to the relaxation processes but also due
to the reduction of signal as the interval between pump pulses
increases. A model of this coupled and complex dynamics
has, then, to be applied but implies the knowledge of several
sample parameters. Solid, dashed, and dotted lines shown in
Fig. 1 represent the theoretical dependencies given by the
model described in Ref. 33, for different values of the hole-spin
relaxation time. We underline here that in our previous works
we have shown that the hole states in the studied sample have a
mixed character.”® Experimental evidences of heavy-hole and
light-hole mixing have been reported, before our works, and
associated to the in-plane anisotropy and strain in InAs, CdSe,
and CdTe self-assembled QDs (see Ref. 25-27 in Ref. 23).
In the caption of Fig. 1, B is the hole-mixing coefficient
defined in Refs. 23 and 25. We have also defined in Ref. 25 a
hole-dephasing time independent of 8 and denoted Tag.
Finally, T]G is determined to be close to 650 ns =100 ns, a
much longer time than the 350 ns given by a rough analysis
involving a simple exponential fit of the experimental data.

B. Experiments in frequency domain: Dark-bright
Time-scanning Spectroscopy (DTS)

To measure the slow hole-spin dynamics at low temperature
in InAs p-doped QDs, we introduce here a new experi-
mental method, the DTS, based on differential absorption
measurements and working in frequency domain. Until now,
to measure a long spin relaxation time, authors have mainly
adopted solutions based on the detection of the polarized
photoluminescence excited by a probe beam, which has been
delayed with respect to a previous pump beam.’’* By
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FIG. 1. (Color online) Circles represent the PCD signal at
negative delays (N7, with N = 1,2,3. . . and 7, = 13 ns), obtained
by introducing a pulse picker after the laser source, as a function of
the time interval between two pulses of the train. Solid, dashed, and
dotted lines show the results of calculations for different values of T}
obtained by using the dynamical model described in Ref. 33 and the
following sample parameters: Tz = 800 ps, Tx = 500 ps, 8 = 0.45,
T}, =5 ns, the Landé electron g-factor g, = —0.4, and the Landé
hole g-factor g, = 1.5. Inset: PCD signal as function of pump-probe
delay, obtained at B =0 T and 2 K after a pulsed excitation at 1.32 eV.
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changing the time delay between the pump and probe beams,
a signature of the spin polarization in the time domain is
obtained. In this configuration, the intensity of excitation is
modulated by an acousto-optic modulator in order to make
a difference between the pump and probe pulses through the
variation of the pulse temporal width, rather than the pulse
power intensity (which is the common way in the two-beam
pump-probe configuration).

The DTS technique is based on a differential absorption
measurement and uses a two-beam pump-probe configuration,
measuring the PCD and allowing the separation of the long-
living hole-spin polarization from the short-living contribution
of the photocreated (positively charged) trion. The intensity of
the pump beam is modulated by an acousto-optic modulator,
which produces bright and dark excitation intervals of variable
duration, with rise and fall times <50 ns [see Fig. 2(a)], and
then produces a periodic excitation. The analyzed PCD(13-ns)
signal, which is proportional to the hole-spin polarization, is
modulated at the acousto-optic modulation frequency f,, [see
Fig. 2(c)] and is also a periodic function F(t) with period
Tm=1/fu.

If we assume an exponential rise with initialization time
7; when the pump is “on” and an exponential relaxation with
characteristic time T,@ when the pump is “off,” F(t) can be
written as follows:

Fity=A[l—ne], 0<i<T,

-n, . —(=h

( )
F(t)=A[1—nefi]e W, Ty <t < T,
—Ta
. l—e™
with n = —> and T, +T; =Ty, €))]
l—e® W

where Ty, and T4 are the bright and dark durations, respectively.

We measure the Fourier components of the PCD(13 ns)
signal as a function of acousto-optic modulation frequency
fm- As already said, the probe beam is also modulated at low
frequency. In order to improve the signal-to-noise ratio, the
signal on the probe beam is recorded with a double stage
of lock-in amplifiers. We first extract the signal modulated
at high frequency, f,, and this signal is then sent to two

1/f

'S m
—— - » a
T, T, (a)

FIG. 2. Scheme giving the principle of the DTS technique used
to determine the hole-spin polarization and relaxation times of InAs
QDs. (a) Intensity modulation function imposed by the acousto-optic
modulator to the pump beam. (b) Pump (thick lines) and probe (thin
lines) pulses as function of time. (c¢) Temporal dependence of the
modelized PCD signal.,
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similar lock-in amplifiers, each of them extracts separately
its quadratures modulated at 470 Hz. Figure 3 shows results
obtained in p-doped InAs QDs by applying the DTS to the
PCD(13 ns) signal. The module and phase of the measured
Fourier components are displayed for the first (a), second
(b), and third (c) harmonics of the PCD(13 ns) signal. The
bright interval 7, =10 us is kept constant, while we scan the
dark interval T; from 190 us to 100 ns (f, is then scanned
from 5 kHz to 99 kHz). Similar results are obtained by setting
constant the dark interval and scanning the bright interval or
by setting a constant 50% duty and scanning the frequency
fm. The module and phase of the measured harmonics are
fitted simultaneously to the Fourier components of the periodic
function given in Eq. (1), using only two fitting parameters,
7; and TI’\}; in Fig. 3, solid lines represent the best fit to the
experimental data. For comparison, Figs. 3(a)-3(c) also show
the calculated dependences on f,, of the Fourier components
for the following two cases: dashed lines (dashed lines with
circles) correspond to 7; = 0 and Ty = 0 (T} # 0 andt; = 0).
For the module, a logarithmic scale was used to underline
the sensitivity of the fitting to the parameters. We observe
that the maxima and minima of the module, as well as the
singularities of the phase of each harmonic, are satisfactorily
reproduced by the fitting curves. The higher the harmonic
is, the better the precision on the determination of 7; and
TIC (but the weaker the associated experimental signal). We
obtain a good compromise by choosing to analyze the second
harmonic; at 2 K and B = 0T, T,@ is determined to be equal to
900 ns=£100 ns. In the DTS configuration, the pump beam has
a fixed helicity; we underline, however, that the measured TNh is
not very sensitive to the modulation regime (fixed bright time,
fixed dark time, or fixed 50% duty), and we also underline
that the TIG value is very similar to the value obtained in
Sec. ITA), i.e., for a high-frequency modulation of the pump
helicity and in the absence of any DNP. That is why we exclude
the presence of a strong DNP in the DTS configuration.

We note that the proposed experimental method could be
extended to the measurement of initialization and relaxation
times of other origins and magnitudes, in the range from 50 ns
to 1 ms. The lower limit of this range is fixed by the rising time
of the acousto-optic modulator used to modulate the pump
beam intensity; the upper limit is fixed, for a single mode-
locking analysis of the detected signal at f,,, due to the fact
that dark and bright times have to be scanned in such a way as
to be much larger than the measured time and compatible also
with a good signal-to-noise mode-locking detection (f,, >
100 Hz).

III. DISCUSSION

There are very few theoretical studies of hole-spin re-
laxation in QDs at low or zero magnetic field,*>*! but it
appears that, contrary to the high magnetic field regime,
the two-phonon spin-orbit-mediated process becomes the
dominant mechanism instead of the single-phonon one; the
predicted hole-spin relaxation time is in the order of several
milliseconds*! for zero magnetic field. That is why we assume
that the mechanism at the origin of the measured slow
hole-spin relaxation, with characteristic time T!. is the hole
hf coupling acting at a longer time scale than the hole-spin
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FIG. 3. (Color online) Upper (lower) panel: the module (phase) of the Fourier components are shown as function of modulation frequency,
fm» and dark time 7}: (a) first harmonic, (b) second harmonic, and (c¢) third harmonic. Triangles represent experimental values. Lines represent
theoretical curves with 7; = T,C = 0 [dashed line (blue)] and 7; = 0 and T/\} # 0 [dashed line with circles (green): (a) T} = 890 ns, (b)
T,C =995 ns, (¢) T,G = 845 ns]; red solid lines are fits of the experimental data with the following parameters: (a) r; = 380 ns, TIG = 890 ns;
(b) ; =490 ns, TIC =995 ns; (¢) ; = 600 ns, T,C = 845 ns. The experimental data in (a), (b), and (c) have been obtained at low excitation
densities and for slightly different excitation conditions; hence, 7; varies from one curve to another.

dephasing time T/ (about ten nanoseconds) and is related
to inhomogeneities of the carrier wave function. We note
that in the DTS technique we measure the PCD(13 ns), i.e.,
at a fixed time that is comparable to, or larger than, the
hole-dephasing time T, which is why DTS measurements
give information, essentially, on the slow hole-spin dynamics,
and they are very few affected by the fast initial hole-spin
decay. Concerning slow dynamics, theoretical papers predict
a nonexponential spin relaxation;’*"*> here the measured
Fourier components are analyzed assuming an exponential de-
cay, and in this sense our experiments give a characteristic time
but do not give details of the complex relaxation of the hole
spin.

The time T} ~ T,~/N ~ hN/C (C s the hole hf constant,
see Ref. 25 for the C and TKO definitions) and has to be com-
pared to the electron spin time at the same scale, Ty ~hN /A
with A the electron hf constant.'® At low temperature and in
the absence of an applied magnetic field, Cheng et al.'! have
obtained in interface-fluctuation GaAs QDs Ty = 34 us, and
Pal et al.¥ in InP QDs have measured 7¢ = 1 pus. These
values compare well with our experimental determination of
T} because recent studies have shown that C is about ten times
smaller than A,%326-28 but the interface-fluctuation GaAs and
InP QDs are larger than the InAs QDs studied in this work (N
is larger).

The value of the initialization time 7; depends on the
conditions of the initialization process. The initialization of a
single electron spin has been demonstrated under application
of a magnetic field in Voigt*** or Faraday*® geometry and cw
excitation. The initialization in the Voigt configuration is three
orders of magnitude quicker than in the Faraday configuration,
but the fidelity of this latter configuration is greater. Recently,
in absence of an applied magnetic field, Ramsay et al.*’
have demonstrated the sequential hole-spin initialization by

the ionization of a spin-polarized electron-hole pair with an
81% fidelity, and Gerardot et al.'* have also obtained a high
fidelity of the spin state initialization for a single hole under cw
optical excitation. In the past, Shabaev et al.*® have proposed
the initialization of a single electron spin placed in a transverse
magnetic field by a combination of circularly polarized optical
7 pulses, and the authors have predicted a spin polarization of
99% after eight pulses.

In our experiments, we have measured the spin initialization
time of the hole spin in an ensemble of QDs under a periodic
pulsed excitation in the absence of an applied magnetic field.
Figure 4(a) shows a scheme of the hole-spin polarization
mechanism. Figure 4(b) shows our measured 7; as function
of mean excitation power density, pulsed at 76 MHz.*

By using the model given in Ref. 33, we are also able to
calculate the hole-spin polarization level at negative time delay,
pn = %Jz(nn) (where 7 is an integer number, and J, denotes
the component of the hole spin J along z), versus number n of
pump pulses [see inset of Fig. 4(b)]. This time dependence is
obtained by considering the dynamic equations of the electron
and hole spins, Sand J, respectively:

BS x S(t) — 5@ )
Tg

dS() _ 8els
dt ~ h

and

dJ(t)  gnip Bl j(t)+3(S.z)z _J 3

dt — h Tg T
where g, and g, are the Landé factors of the electron
and hole. B}, and B X, are the effective nuclear fields induced by
hf coupling and acting on the electron and hole, respectively.

wp is the Bohr magneton. Without pumping, the system
is at the thermodynamic equilibrium, and there is no spin:
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FIG. 4. (Coloronline) (a) 1 -t < 0: The ensemble of studied singly
charged InAs QDs is initially unpolarized: % of them contain resident
spin-down heavy holes (J, = — %) and % contain spin-up heavy holes
., = +%). Hole spins are indicated by white arrows. [GS: ground
state (hole); ES: excited state (trion)]. 2—t = 0: A o™ pump pulse
resonantly excites n QDs containing spin-down holes to the S, = —%
trion state. According to the selection rules, the angular momentum
of these QDs has been increased by one unit. In the —% trion state, the
downward black arrow represents a spin-down electron. 3 — 0 < t <
Tr: After the excitation pulse, the ESs and the GSs are spin polarized.
During the trion lifetime Tg, the electron-nuclear interaction, char-
acterized by the ensemble dephasing time 7, coherently couples
the two electron spins 1 and | (with spin components S, = +1/2
or —1/2, respectively), within each excited QD. 4—Tr < t<7y: The
spontaneous decay of the trion states by emission of polarized photons
(dashed vertical arrows in scheme 3) has led to an efficient resident
hole-spin cooling in their GS: % —n’ QDs have a spin-down hole,
while % + n’ have a spin-up hole. The hole-spin dynamics, before
the next excitation, is then determined by the hole-nuclear interaction,
characterized by the ensemble dephasing time 2. (b) 7; as a function
of the square root of the density of excitation. Circles correspond to
the experimental data, obtained under the same excitation conditions.
Lines are two fits with the model described in Ref. 33, assuming an
inhomogeneity of Rabi angle values of 50% (solid line) or without
inhomogeneity (dotted line), and taking the same sample parameters
as used in Fig. 1. The only fitting parameter is the coefficient of
proportionality between values of the square root of power density
and values of 6. Inset: p, versus number of pump 7 — pulses, for
different heavy-light hole-mixing parameters .
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S’(t <0) = f(t < 0) =0 [see Fig. 4(a)]. Then, at t = 0, a
train of o polarized pulses is applied. The spin dynamics
is calculated by averaging on the nuclear configurations (cf.
Ref. 33) and by using the Eqs. (2) and (3) with the condition
S.(nt;) = {sin? §(3J.(nt;) — 1) for every n™ pulse. 6 is
the Rabi angle associated to the pump pulse, and IL’L (t;)
corresponds to the time just after (before) pump pulse arrival.
Curves in the inset of Fig. 4(b) are obtained for 8 = w. We
observe that the hole-spin polarization level at negative delay,
Pn, increases as n increases until a saturation value pya,. We
have defined the calculated initialization time 7; as the time
needed to obtain a value of the hole-spin polarization equal to
(1-1/e) of the saturation value ppax.

For n-doped QDs, a clear Rabi regime was previously
observed.*>” Despite comparable experimental conditions, we
have not observed a Rabi regime in our p-doped QDs. This
may be due to the presence of a larger inhomogeneity in
the Rabi angle, because of the QD dipole dispersion in the
optical pump spot. For comparison with experimental results,
we have considered a Gaussian distribution with a mean Rabi
angle 0 = A\/E: I, is the pump power, A is the single
fitting parameter, and all the other parameter values used
in the model have been obtained from previous studies.??
Solid and dotted lines in Fig. 4(b) show the calculated t;
as function of Rabi angle 6. We note that when 6 — 0,
T — TNh (but at the same time pn.x — 0). We observe a
good agreement between the experimental and theoretical t;
dependences. For an estimated average Rabi angle 6 ~ 7 j,
we measured t; & 100 ns (eight pulses). The inset of Fig. 4(b)
shows that the value of py.cobtained for a w-pulse depends
on the heavy-light mixing character of the hole states in the
QDs, characterized by the parameter S (see Refs. 23 and 25).
We underline that the number of pulses needed to initialize
the hole-spin polarization is nearly constant and varies from
four to three when B varies from 0.5 to 0.05, meanwhile
the value of pn.x varies from 20% to 90%. Hence t; is
mainly imposed by the electron-nuclear coupling strength and
the trion lifetime and does not change significantly with 8.
This can be explained by the efficiency of the polarization
mechanism associating optical pumping, electron-nuclear hf
evolution, and trion recombination. If the spin-down ({}) hole
density is py before excitation by a o polarized pulse, one
can show, in the framework of Ref. 18, that after excitation
and trion recombination, part of the spin-down holes have
flipped. This quantity, -independent, is equal to sin’ %G(x) oy
with x = ;—2 and G(x) = %[1 —2x2(1 — ﬁxe*zerfc(x))], if
T# > T¢. For T{ = 500 ps, 6 = 7, and Ty, = 800 ps, 23%
of the initial spin-down states are in the opposite spin state
after trion recombination, so that only three or four pulses are
needed to flip the spin-down holes in a ratio close to (1-1/e).
Finally, one can note that the hole-spin relaxation is slower
for more pure heavy holes and that an improved hole-spin
initialization could be accomplished for highly pure heavy
holes.

IV. CONCLUSION

To conclude, the hole-spin dynamics in p-doped
InAs/GaAs QDs was studied at low temperature and in the
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absence of an applied magnetic field. We have shown, by
using the DTS technique, that the Fourier components of the
modulated hole-spin polarization signal are sensitive probes
of the initialization and relaxation times.

The measured slow hole-spin relaxation time, T,@ ~ 1 us,
is mainly associated to the slow time variation of the frozen
nuclear effective field acting on the hole spin and related to the
inhomogeneous profile of the hole wave function. We have also
shown that the fidelity of the hole-spin initialization obtained
by a periodic pulsed excitation is maximal for pure heavy-hole
states. The initialization time t; is imposed by the electron-
nuclear hf coupling and it is fixed at about a few tens of
nanoseconds. At a very low density of excitation, t; takes a

PHYSICAL REVIEW B 84, 125431 (2011)

maximum value and becomes equal to Tlc. Experiments are in
good agreement with our model and show that t; decreases as
the density of excitation increases.

Finally, because we have shown that the DTS provides
detailed and valuable clues to the hole-spin initialization and
relaxation times, this technique could be extended to the
measurement of the initialization and relaxation times of other
magnitudes, in the range from 50 ns to 1 ms.
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