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We study the hole-spin relaxation in p-doped InAs quantum dots. Two relaxation mechanisms are evidenced,
at low magnetic field (0 � B � 2T ) and low temperature (2 � T � 50K), by using a pump-probe configuration
and a recent experimental technique working in the frequency domain. At T = 2K , the coupling to nuclear spins
and the hole wave-function inhomogeneity fix the hole-spin relaxation rate value, �h

1 ≈ 1 μs−1. It decreases
with increasing magnetic field and reaches a plateau at 0.4 μs−1. At T � 7K , two-phonon spin-orbit process
dominates and leads to a quadratic temperature dependence of �h

1 , in good agreement with theory.
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I. INTRODUCTION

A single spin confined in a quantum dot (QD) is a
potential candidate for applications in nanoscale spintronics
and as a solid-state qubit.1,2 Until recently, most studies have
used the spin of an electron as a support of information;
however, a major difficulty of using electron spins is the strong
hyperfine (hf) interaction which couples the electronic spin
to roughly N ∼ 105 nuclei. The electronic spin undergoes,
at low temperature and in absence of an external magnetic
field, an effective fluctuating magnetic field on the order
of tens of mT, which fixes its dephasing time in the order
of ns.3,4 Isotopic engineering may reduce nuclear noise, but
there is no stable spin-zero isotope for III-V semiconductor
compounds. That is why a single hole spin confined in
a QD has emerged as an alternative candidate, having an
order-of-magnitude weaker hf interaction.5–8 Moreover, for
a heavy hole (HH), the hf interaction has an Ising-like form,
in contrast to the Heisenberg-type interaction of electrons.9,10

The absence of transverse hf terms has important consequences
for the hole-spin dynamics. In particular, no dephasing can be
observed for an HH spin initialized along the growth direction
[Fig. 1 in Ref. 10]. However, because hole states show high
sensitivity to the anisotropy of local electrostatic fields, strains,
and variations of the confinement potentials, signatures of
the HH and light-hole (LH) mixing have experimentally been
observed in real QDs.10,11 The hole mixing is at the origin of
a transverse hole hf-interaction term, and recently, a hole-spin
dephasing time, associated with the carrier spin precession in
a random frozen nuclear field and in the order of 10 ns, has
been reported in InAs QDs.5 Theoretical works also predict
that the hf interaction can be at the origin of another slower
carrier-spin relaxation time, falling in the microsecond range
and related to the nuclear spin-bath dynamics.3,4,12–17 In this
way, at low temperature and in absence of an applied magnetic
field, Pal et al.18 have measured an electron-spin relaxation
time equal to 1 μs. Moreover, when a magnetic field is
applied, the presence of a Zeeman splitting introduces new
channels of relaxation via phonon-assisted spin flips mediated
by spin-orbit. In moderate magnetic fields (2–10 T) and at low
temperature, recent experimental works show that the electron

T e
1 and the hole T h

1 spin relaxation times, in the range of
milliseconds, are governed by the same mechanism, i.e. the
spin-orbit-mediated single-phonon scattering.19,20 However, at
low magnetic field, as the Zeeman splitting is very small, the
density of phonons able to match the Zeeman energy vanishes,
and then this mechanism becomes negligible.21–23 Hyperfine-
phonon-mediated mechanisms have been also proposed, but
the spin relaxation rate is zero in absence of magnetic field as
for one-phonon-assisted process.21

In this paper, we address the slow hole-spin relaxation
mechanisms in conditions of low magnetic field (0 � B �
2 T) and low temperature (2 � T � 50 K), which have
been largely unexplored.24 A recently proposed experimental
method,25 dark-bright time-scanning spectroscopy (DTS),
based on differential absorption measurements and working
in the frequency domain, is used to measure T h

1 as a function
of a longitudinal magnetic field and of lattice temperature.
We experimentally show that the slow T h

1 is limited by two
mechanisms in InAs QDs: at T = 2 K, the hf coupling with
the nuclear spins of the host material fixes the T h

1 value at
≈1 μs and imposes an increase for very low magnetic fields
in the range of tens of mT; for larger fields, T h

1 saturates
at ≈2.5 μs. Additionally, our temperature study constitutes
experimental evidence of the importance of the two-phonon-
assisted mechanism (TPAM) on the hole-spin relaxation, and
it leads to a quadratic dependence for the hole-spin relaxation
rate �h

1 = 1/T h
1 with temperature in the 7–50 K range, in good

agreement with theoretical predictions.21,26

II. SAMPLE AND EXPERIMENTAL SETUP

Quantum dots were grown by molecular-beam epitaxy on
a (001) GaAs substrate. The QD surface density is about
1010 cm−2. The studied samples were p-modulation doped
with a Carbon δ-doping layer located below each of their
30 QD layers at 2 nm with a nominal density of ∼1.2 ×
1011 cm−2 (Sample A) or 2 × 1011 cm−2 (Sample B). The
sample is placed either in a helium-bath cryostat containing
superconducting coils or in a zero-field He-continuous-flow
cryostat for temperature measurements from 4 to 50 K. In
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order to improve the QD temperature monitoring in this latter
cryostat, a cold thermic screen with a small optical access was
used, and a calibrated temperature sensor was inserted in the
sample vicinity.

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 cir-
cular. The probe beam is linearly polarized; after transmission
through the sample, the probe beam is decomposed into its two
circular components. The difference of their intensities is then
measured with a balanced optical bridge to obtain the signal
of photo-induced circular dichroism (PCD) in the studied QD
samples.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Magnetic field dependence of the hole-spin relaxation rate

The spin initialization of hole spins can be obtained by
an optical pulsed excitation, circularly polarized and resonant
with the trion transition.25,27 Figure 1 shows the temporal
behavior of the PCD measured when pump and probe beams
are tuned at 1.32 eV, the lowest optical transition in p-doped
QDs. The PCD signal at negative pump-probe delays indicates
that the spin polarization is not fully relaxed within the
TL = 13 ns repetition period of the laser pulses and has
been unambiguously associated to the net spin polarization
of the resident holes. In DTS experiments, a pump-probe
configuration is used to separate the long-living hole-spin
polarization from the short-living photo-created trion-spin one.
The pump beam intensity is switched on and off periodically
by an acousto-optic modulator (AOM; see inset in the upper
part of Fig. 1), producing bright and dark excitation intervals
of variable duration, with rise and fall times �50 ns. In this
way, the pump excitation is a periodic function, as well as the
measured PCD(TL) signal (see inset in the lower part of Fig. 1).
We measure the second Fourier coefficient of PCD(TL) as a

FIG. 1. (Color online) PCD signal vs pump-probe delay, obtained
in sample B, at B = 0 T and 2 K, after a pulsed excitation at 1.32 eV.
Insets: Scheme giving the principle of the PCD measurement and
scheme of the temporal dependence of the model PCD(TL) (solid
line) imposed by the intensity modulation of the pump beam (dashed
line).

FIG. 2. (Color online) (a) and (b) (Sample B) Amplitude and
phase of the second Fourier component of the experimental PCD(TL)
signal, at 2 K, are shown as functions of modulation frequency fm for
a fixed bright time of 10 μs and for two different magnetic fields (B =
0 and 2 T). As discussed in Ref. 24, a second fitting parameter is the
hole-spin initialization time τi ; it increases with magnetic field from
360 to 700 ns. (c) and (d) (Sample A) Amplitude and phase of the
second Fourier component of the experimental PCD(TL) signal are
shown as functions of modulation frequency fm for a fixed bright time
of 10 μs and for two different temperatures (3.9 and 43.2 K), at B = 0.
Here, τi decreases with temperature from 360 to 170 ns. Experimental
data shown in these figures have been obtained in similar conditions
of excitation power.

function of the AOM modulation frequency fm. As explained
in Ref. 25, that is a good compromise between having a suitable
signal-to-noise ratio and having enough characteristic features
in the spectral function to assure a T h

1 -reliable determination.
Finally, T h

1 is obtained by fitting simultaneously the module
and phase of the measured second Fourier component of the
PCD(TL) signal to the expected spectral function, when an
exponential decay for the hole-spin polarization is assumed.
This approach gives access to a characteristic relaxation time,
but not to the full kinetics; nonetheless, the choice of an
exponential decay, already observed,18 appears as well adapted
to give the physical trends when an external parameter is
applied. Moreover, for the fixed experimental conditions, when
compared with a standard pump-probe configuration, the DTS
technique gives very similar relaxation time while increasing
the signal-to-noise ratio.25

In order to identify the mechanisms at the origin of the
hole-spin relaxation, we have measured T h

1 as a function of an
external magnetic field along the growth direction (in the range
of 0 � B � 2 T), and also as a function of temperature (4 � T

� 50 K). Figures 2(a) and 2(b) show the measured and fitted
second Fourier coefficient of the periodic PCD(TL) signal, in
absence of an applied magnetic field and for a magnetic field
B = 2 T, vs fm. We note that, in the range 5 to 99 kHz, the
amplitude of the second Fourier coefficient shows two maxima
and a dip; meanwhile, the phase presents a discontinuity at the
dip frequency (≈50 kHz). Because the bright time is fixed at
10 μs, at 50 kHz, the pump modulation is a square-wave, with
a 50% duty, and its second Fourier coefficient is zero. Then,
in Fig. 2(a), a nonzero Fourier amplitude at 50 kHz is the
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FIG. 3. (Color online) (a) (Sample B) �h
1 = 1/T h

1 vs applied
magnetic field, at 2 K. Inset shows a magnification of the magnetic-
field dependence of �h

1 from B = 0 to 60 mT. Circles represent
experimental data, and solid line the fit to the function given in the
inset with a = 0.59 μs−1, γ0 = 0.39 μs−1 and � = 2.3 mT. The error
bars are determined experimentally. (b) (Sample A) �h

1 as a function
of square of the temperature, obtained in absence of an external
magnetic field. The solid line shows a linear fit. The error bars are
determined experimentally.

signature of a finite relaxation time T h
1 in the PCD(TL) signal.

The greater the amplitude at 50 kHz, the longer the time T h
1 .

Applying a 2-T magnetic field leads to an increase of the am-
plitude and a smoother discontinuity in the phase, both induced
by a longer T h

1 .25 Figure 3(a) shows �h
1 = 1/T h

1 as a function
of the applied magnetic field parallel to the growth direction.
We clearly note three regimes. In the range from 0 to 10 mT, �h

1

sharply decreases; between 10 and 500 mT, it slowly decreases,
and at higher magnetic fields, �h

1
remains constant at about

0.4 μs−1. At T = 2 K and low magnetic field, the one-phonon
process is negligible, as discussed previously. At 2 K and 0 <

B < 2 T, the TPAM rate was predicted to be ∼102–104 s−1,26

and then TPAM cannot be responsible for the sharp decrease
or the 0.4 μs−1 plateau observed for �h

1
in our samples.

We focus our discussion first on the sharp �h
1

decrease in
low longitudinal magnetic field. The inset of Fig. 3(a) shows
a magnification of �h

1
in the range of 0–60 mT. Experimental

data are fitted by a Lorentzian function with half width at
half maximum equal to 2.3 mT. This very small value of the
magnetic field is comparable to the value needed to screen the
transverse fluctuation of the hf interaction in this sample.5,6

Moreover, at zero magnetic field, the hf coupling acting at a
longer time scale than the hole-spin dephasing time T h

� (about
10 ns in the studied samples) has a characteristic time given by
T h

�

√
N ≈ 2 μs (N ≈ 6.104 in our case).3,4 At this timescale, at

2 K, we have already said that the TPAM is negligible; likewise,
nuclear dipole-dipole interaction is responsible for nuclear-
bath dynamics in the ms scale. The measured relaxation rate
�h

1
is then associated with the dynamics of the nuclear-spin

bath, controlled by hole-mediated nuclear-nuclear flip-flop, via
second-order hyperfine coupling as calculated for an electron
spin.28 Such flip-flop processes between two different nuclei
modify the fluctuations of the nuclear-spin field only under
the condition of inhomogeneity of the hole wave function.28

Because of this ascription, we would like now to come back
to our assumption of an exponential decay for hole-spin
polarization. In recent years, the spin polarization decay for an
electron spin coupled with a nuclear bath has been the focus
of numerous theoretical works, but despite this theoretical
effort, the time shape of this decay remains an open question.
Several laws have been proposed for the electron spin: power,
inverse-log, or exponential;4,14,16 however, there is still no
study concerning the hole spin. The decay law may also
depend on the QD shape and the electron wave function,
as discussed in Refs. 16 and 17. Then, taking into account
the complex theoretical framework and the fact that our
experimental data concern an ensemble of hole spins confined
in InAs QDs, we have chosen an exponential decay law for
the hole-spin polarization that should give the main trends
of T h

1 with variations of external parameters (magnetic field,
temperature).

In Figure 3(a), we also observe a plateau: between 100 mT
and 2 T, �h

1 keeps almost constant at about 0.4 μs−1. Second-
order hyperfine coupling between two nuclei is inversely
proportional to the hole Zeeman splitting.28 At large magnetic
field, a freezing of the nuclear-spin bath dynamics induced by
this coupling is expected. Nonetheless, a finite value of the
decay rate �h

1 is observed when the applied magnetic field
is large as compared to the fluctuating nuclear field.24 Such
a behavior of the spin-relaxation time has been observed for
an electron confined in InP QDs.18 There is no theoretical
study of the magnetic-field behavior of �h

1 , imposed by hf
interaction at the μs time scale; such a behavior is then
difficult to interpret. As discussed previously, the spin-orbit
mechanism is not at the origin of this plateau, but other
processes associated with nearby impurities29 or with the
electrostatic environment30 could be considered. Nevertheless,
we have studied other samples, similar to sample B, with a
distance between the QDs and δ-doping planes equal to 2, 4,
or 6 nm: no significant change in the field dependence of the
decay rate �h

1 has been observed. More studies are needed to
explain the experimentally observed field dependence.

B. Temperature dependence of the hole-spin relaxation rate

To go further into the understanding of the hole-spin
relaxation mechanisms, we have also studied the temperature
dependence of �h

1
in absence of an external magnetic field.

Figures 2(c) and 2(d) show the measured and fitted spectral
dependence of the second Fourier coefficient of the periodic
PCD(TL) signal, for two different temperatures 3.9 and 43.2 K.
We observe that the dip in amplitude and the discontinuity
of the phase are more pronounced for higher temperature,
indicating that T h

1 is shorter at higher temperature. Figure 3(b)
gives the temperature dependence of the measured �h

1
. In the
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range of 4–50 K, �h
1

increases with a quadratic dependence in
temperature and can be fitted by �h

1
(B = 0) = �0 + αT 2 with

�0 = 0.78 μs−1 and α = 8.4 × 10−4 μs −1 K−2. In QDs, for a
weak magnetic field B < 1 T and for temperatures T > 2 K,
theoretical works predict that TPAM mediated by spin-orbit
is the dominant hole-phonon interaction.21,26,31 The hole-spin
in the initial state is promoted to a virtual intermediate state by
absorption (emission) of a phonon; this intermediate state is
also coupled with the final state by the emission (absorption)
of another phonon. In contrast to the one-phonon process, even
when the initial and final states are degenerate, virtual states
participating in the second-order process allow the coupling
between initial and final states. The hole-spin relaxation
rate for TPAM is then proportional to the product of two
Bose–Einstein factors for phonons, and then to the square
of the temperature when T � Tph, with Tph = h̄cl/kBλd and
λd , the hole-wave function radius. Assuming a parabolic
confinement as in Ref. 25 and a typical energy separation
h̄ω0 = 20 meV between the first two confined hole states
in the studied InAs QDs, we obtain λd = 4 nm (Ref. 32)
and Tph ≈ 7 K. The quadratic evolution is then expected
from T � 7 K, as experimentally observed in Fig. 3(b). The
extrapolation of the experimental values intercepts the vertical
axis in Fig. 3(b) at a nonzero point. This zero-temperature
relaxation rate is associated with hole-spin relaxation mediated
by hyperfine coupling, as discussed previously, the TPAM
being inefficient. As the temperature increases, the TPAM
becomes dominant. Theoretical works25 have calculated the
slope α of the linear fit in T 2, in the case T � Tph, it is written

as α = 0.3πm6
hβ

2�4
0
k2
B

h̄6c3
l λdρ2

c

with cl the speed of sound in InAs, �
0

the

deformation potential, β the spin-orbit coupling constant, mh

the HH mass, and ρc the InAs density. Hence, using parameters

given in Ref. 26, we calculate α = (6.3 ± 1.5) × 10−4 μs−1

K−2, in very good agreement with the experimental value. The
TPAM for electrons is predicted to be much weaker than for
holes and then negligible compared to hf effects. That is due
to the weaker electron mass and its β4 dependence33 instead
of the already written β2 dependence for a hole. Experimental
signatures of these mechanisms for electron spins have been
obtained in InP QDs.34

IV. CONCLUSION

In summary, we have carried out a systematic study of the
slow hole-spin relaxation in InAs QDs, in the regime of low
magnetic field (0 � B � 2 T) and low temperature (4 � T

� 50 K). We have isolated two different contributions. The
TPAM becomes the leading hole-spin relaxation mechanism
at zero magnetic field and for temperatures higher than 7 K,
which is an experimental evidence of such a process for hole
spin in QDs in very good agreement with recent theoretical
predictions. The dynamics of the nuclear-spin bath, which
is controlled by hole-mediated nuclear-nuclear flip-flop via
second-order hf coupling, is at the origin of a relaxation
rate �h

1
≈ 1 μs−1 and dominates at low temperature. The

experimentally observed �h
1

magnetic-field dependence, very
similar to that observed by other authors for electron spin,
should be the base for future theoretical works.
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