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Observation of extremely slow hole spin relaxation in self-assembled quantum dots
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We report the measurement of extremely slow hole spin relaxation dynamics in small ensembles of self-
assembled InGaAs quantum dots. Individual spin oriented holes are optically created in the lowest orbital state
of each dot and read out after a defined storage time using spin memory devices. The resulting luminescence
signal exhibits a pronounced polarization memory effect that vanishes for long storage times. The hole spin
relaxation dynamics are measured as a function of external magnetic field and lattice temperature. We show
that hole spin relaxation can occur over remarkably long time scales in strongly confined quantum dots (up to
~270 us), as predicted by recent theory. Our findings are supported by calculations that reproduce both the
observed magnetic field and temperature dependencies. The results suggest that hole spin relaxation in strongly
confined quantum dots is due to spin-orbit-mediated phonon scattering between Zeeman levels, in marked
contrast to higher-dimensional nanostructures where it is limited by valence band mixing.
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The ability to manipulate and read out the spin of isolated
charges in semiconductor quantum dots (QDs) has attracted
considerable interest over recent years due to the strong po-
tential for nanoscale spintronic devices and spin-based quan-
tum information processing."? In this context, QDs are es-
sential since their fully quantized electronic structure
strongly inhibits spin relaxation mediated by scattering
processes that couple to the spin via spin-orbit (SO)
interactions.’> Until now electron spin dynamics have at-
tracted by far the most attention, due to the rapid progress in
the development of spin readout and control techniques -8
and since the theoretical understanding is more mature.’ For
both electrostatic and optically active QDs, the electron spin
relaxation has been found to be rather slow (100 us =Ty
=100 ms) when subject to a moderate magnetic field, and
has been shown to proceed by SO-mediated single-phonon
scattering.>%? However, despite the long 75 times it has now
become clear that hyperfine coupling of the electron spin
with the randomly fluctuating nuclear spin system results in
rather rapid spin dephasing (7%~ 10 ns), which can be over-
come only using multipulse coherent control methods or
nuclear state narrowing. %7-10-12

Unlike electrons, holes couple more weakly to the nuclear
spins via the hyperfine contact interaction since they have
p-like central cell symmetry.'> This may provide an attrac-
tive route toward hole-spin-based applications free from the
complications caused by the fluctuating nuclear spin system.
However, the hole spin lifetime (T’l') in III-V semiconductor
nanostructures is generally much shorter than 79 due to SO
mixing of heavy (HH) and light hole (LH) valence
bands.!>!'* This mixing is inhibited by motional quantization
effects, and enhanced hole spin lifetimes have been reported
for quantum wells [~100 ps (Ref. 15)], extending beyond
1 ns when optically driven spin heating effects are avoided.!®
For QD nanostructures, Tﬁ’ is expected to become even
longer due to the combined effects of biaxial compressive
strain and motional quantization. These expectations have
recently been supported by studies of negatively charged tri-
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ons in InAs (Ref. 17) and CdSe (Ref. 18) QDs, which indi-
cate that T’fZ 10 ns, limited by the time scale for radiative
recombination of the trions. Very recent calculations have
indicated that T" can become much longer for isolated
holes,!” even exceeding T in the limit when the energy sepa-
ration between HH and LH bands far exceeds the orbital
quantization energy in the valence band.!? Systematic mea-
surements of the bare hole spin relaxation dynamics are ur-
gently required as input for theory.

Here we report direct measurements of T’f for single holes
in small ensembles of self-assembled InGaAs QDs. Time-
and polarization-resolved magneto-optical spectroscopy is
employed to obtain T'l' as a function of static magnetic field
and lattice temperature. Our results show that single hole
spin relaxation can proceed over time scales comparable to
those for electrons in nominally identical QDs. Furthermore,
we demonstrate that inter-valence-band SO mixing does not
necessarily result for hole spin relaxation as is the case in
higher-dimensional systems. Calculations for T’{ due to SO-
mediated single phonon scattering for QDs in which HH-LH
mixing is negligible produce very good quantitative
agreement!® with our results, indicating that hole spin relax-
ation in self-assembled QDs is mediated by the same mecha-
nism as for electrons.

The devices investigated are n-i-metal (Al)GaAs Schottky
photodiodes containing a single layer of self-assembled
Iny sGaj sAs QDs embedded within the d=110 nm thick in-
trinsic region.”?%2? The schematic band profile and operating
principles of the structures are summarized in Figs. 1(a) and
1(b). In the spin generation mode [Fig. 1(a)] a reverse bias
(V==V,,,.) is applied to the gate with respect to the n con-
tact. Single, charge neutral excitons (X°) are generated reso-
nantly in the lowest orbital state of the dots. Due to the large
axial electric field [Fypre=(=Vpre—Vpi)/d~70 kV/cm]
electrons readily tunnel out of the dots while holes remain
stored by virtue of a 50 nm thick Al 45Gags55As barrier im-
mediately above the QD layer (Fig. 1). Further excitation
of the same QD is prevented by a renormalization of the

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.76.241306

HEISS et al.

Hole spin
generation

Hole spin
relaxation

Optical
read out

Schottky l
contact

Q i == i~ ON
n-contact AlGaAs llllum/nat/on C OFF

barrier — At —

Vieset = =
(®) V. ‘ i Gate voltage I
Detector

- 7B "’evreset ON % i
OFF — :
——> Time " ()

FIG. 1. (Color online) Schematic band profile of the devices
investigated in the spin generation (a) and readout (b) phases of the
time-gated EL measurement. (c) The temporal sequence of optical
and electrical control pulses during the measurement and detector
gating.

absorption energy by a few meV after the first charging
event, ensuring the storage of only a single hole per QD.?°
The spin orientation of the optically generated holes is
defined by the circular polarization of the excitation laser.”?"
Due to the combined effects of motional quantization and
biaxial compressive strain, X° has predominantly heavy hole
character and is formed from single particle basis states with
spin projections S, ,= i% and J), .= i% along the strong quan-
tization axis of the dots (z). These states combine to produce
a pair of bright excitons with J2*=S, +J, =+1 and -1,

which are split in a magnetic field (BllZ) by the Zeeman
energy [E5 =(g5—g7) upB.]. Mixing of these pure spin states
due to the anisotropic e-h exchange interaction is slow com-
pared with the electron tunneling rate [I,,,,= 100 GHz vs
(8,/1) =10 GHz] and, thus, excitation with o* or o~ polar-
ized light selectively creates spin up (+%) or down (—%)
holes, respectively.

After optical charge generation and spin orientation the
excitation laser is switched off and the hole spins are stored
for a time Af, during which they can interact with their
environment. The distribution and spin orientation of
the holes are then tested by applying a forward bias pulse
(V=+V,,.,). A diffusion current of electrons then flows into
the QDs whereupon they recombine with the stored holes
[Fig. 1(b)].%} During reset, the current is chosen to be suffi-
ciently high to compensate all the stored holes and therefore
no accumulative effects over several cycles of the experi-
ment can take place. Furthermore, since the injected elec-
trons are not spin polarized, the degree of circular polariza-
tion of the resulting, time-delayed electroluminescence (EL)
provides a measure of the spin projection of the ensemble of
stored holes a time At after generation.?*

Measurements were performed using 200 ns duration la-
ser pulses delivered by a diode laser (fiw,,~1.252 ¢V,
P,..~100 W/cm?). These circularly polarized write pulses
were synchronized with electrical control and readout pulses
at a repetition frequency f,,~ (Ar+1 us)™' as depicted
schematically in Fig. 1(c). In order to ensure efficient sup-
pression of scattered laser light during readout, a single pho-
ton detector was gated on for ~70 ns immediately prior to
the readout voltage pulse [Fig. 1(c)]. The spin storage time
(A7) is defined as the time delay between switching off the
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FIG. 2. (Color online) (a) Comparison of a nonresonantly ex-
cited PL spectrum (dashed line) with a hole storage EL spectrum
(e, ~1.252 €V, At=300ns at f,,,~200 kHz). (b) Temporal
evolution of the peak intensity of R recorded with circularly polar-
ized excitation and detection [1,,,,(Af)], where n,m € {+,-} denote
the helicity of the excitation and detection, respectively. The dotted
line shows the intensity (I) averaged over the two polarizations. (c)
Temporal evolution of the degree of circular polarization.

optical write pulse and the rising edge of the electrical read-
out pulse.

A typical B=0 T hole storage EL spectrum is presented in
Fig. 2(a) for a storage time of Ar=300 ns. The most promi-
nent feature, labeled R in Fig. 2(a), appears Stark shifted by
~6 meV from fiw,, and arises from resonant optical storage
of holes within the subensemble of dots addressed by the
excitation source.?’ This identification is confirmed by the
observation that peak R tracks fw,, as it is tuned through the
inhomogeneously broadened QD absorption spectrum.?’ The
large Stark shift originates from a permanent excitonic dipole
moment |p,|=26X 107" C/m, determined by measuring the
spec:tral2 1position of the storage peak as a function of V.,
- Vreset'

Figure 2(c) shows the temporal evolution of the peak in-
tensity of R at B=10 T recorded with circularly polarized
excitation and detection for storage times in the range 0.3
=Ar=60 us. Here, I,,, denotes the intensity of peak R re-
corded with o* polarization in both excitation and detection
channels, the other three curves completing the four polar-
ization permutations. The full dark gray lines on Fig. 2(b)
show the storage EL intensities (I*) and (I") for the corre-
sponding excitation polarization averaged over the two de-
tection polarizations. Within experimental error {(/*) and (/")
are independent of Az, confirming that holes are not ther-
mally redistributed between the dots via wetting layer states
during the storage time.?> We ensured that this condition ap-
plied to the range of At investigated in this paper.

Careful examination of the data presented in Fig. 2(c)
indicates the presence of a significant polarization memory
effect; the storage EL is copolarized with the excitation laser
for short storage times (At 40 us) with a degree of circular
polarization |p;,(1)| =[1,+(t)=1,-(t)1/[I1,+(t)+1,-(1)] up to
10% as shown in Fig. 2(b). As At increases |p;| decreases
exponentially for both ¢* or o~ excitation, reaching an
equilibrium value p,=0+£2% for long storage times
(Ar=40 us).
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OBSERVATION OF EXTREMELY SLOW HOLE SPIN...

To extract quantitative information from these data we use
rate equations applicable to a noninteracting ensemble of N,,,
two-level systems to represent the total population of +% and
—% holes in the QDs probed by our experiment [Fig. 2(b)
(inset)]. The rates for up-scattering (—%—> +%) and down-
scattering (+%—>—%) are represented by I'; and I'|, respec-
tively. Using this model, the population of a specific spin
species, a time ¢ after generation, is given by

‘
Nip(1) =[Ny;)(0) —N?(]T)]eXP(‘ ﬁ) +Nilh. (1)

where N{{\\=T"|;)/(I'1+T" )Ny, is the Boltzmann distribu-
tion at thermal equilibrium, 7j=1/(I';+T|) is the hole spin
lifetime, and Ny(;)(0) is the initial population of spin up
(down) holes at Ar=0 s. Since the intensity of the storage
luminescence a time Ar after generation is proportional to
Nj()). the curves presented in Fig. 2(b) [/(#)] can each be
fitted by

Lyy(1) =1, (0) = <1”>]eXP<— %) +(I") 2)
1

where 1(0) is the corresponding intensity at Ar=0 and (I)
=(I")=(I") is the saturation value for long storage times. The
best fits to all four decay curves are presented as full lines on
Fig. 2(b). Most importantly, using this model all four traces
are well described using a single value for the hole spin
lifetime of 7%~ 11+3 us. No indications of a multiexponen-
tial decay were found for time scales longer than our tempo-
ral resolution limit (~200 ns), an observation which indi-
cates that our measurement probes a single relaxation
mechanism, free from inhomogeneous ensemble effects. Fur-
thermore, any competing relaxation mechanisms that operate
over the time scales studied can be excluded.

The observation of such remarkably slow hole spin relax-
ation dynamics in QDs contrasts strongly with bulk -V
materials, where spin-flip scattering occurs over subpicosec-
ond time scales due to SO mixing of the valence band spin
states close to k=0.'* This mixing is partially inhibited by
motional quantization effects in quantum wells, leading to
enhanced hole spin lifetimes longer than ~1 ns at low
temperatures.'® In contrast, the fully quantized electronic
structure in QDs restricts the phase space for such quasielas-
tic scattering processes and results in much longer hole spin
lifetimes in the present experiment.!

Inspection of Fig. 2(b) shows that, even for storage times
Atk Th, ph| is limited to ~10%, much lower than for elec-
tron spin memory devices, where |p,| =60% is commonly
observed.” At long storage times (Ar>>T"), the degree of
circular polarization of the storage luminescence tends to-
ward zero. Here, |p,| is similarly lower than the expected
value of |p,| =24% according to Boltzmann statistics.>> The
origin of this low degree of polarization is not yet fully clear.
However, we note that a reduction of |p,| may arise during
the readout phase of the measurement, where the system is
most strongly disturbed by switching the electric field and
injection of an electron current to the dots. We note that any
such perturbation of the spin orientation during readout has
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FIG. 3. (Color online) (a) Temporal dependence of the excess
circular polarization for B ranging from 5 to 11 T. (b) Comparison
of the B-field dependence of " (open symbols) and 7% (filled sym-
bols) for identical QD material and experimental conditions. The
filled line shows the calculated hole spin relaxation time using the
model of Ref. 26. (c) Comparison of measured (open symbols) and
calculated (full lines) dependence of T’f on lattice temperature.

no influence on dynamics probed in the storage phase of the
present experiment, influencing only the magnitude of |py,|.
In contrast, a fast partial decay of the hole spin orientation
over time scales faster than our temporal resolution
(~200 ns) cannot be absolutely excluded as source for the
reduced |p,|. However, we note that no evidence for multi-
exponential dynamics was found, indicating that our mea-
surements probe a single relaxation mechanism, and previ-
ous work has already shown that 7"=10 ns,'”!® suggesting
that we would see evidence for any fast relaxation in our
experiment.

We continue by discussing the dependence of T’} on ex-
ternal magnetic field B along the growth direction and lattice
temperature 7. Figure 3(a) shows the excess degree of circu-
lar polarization following o* excitation and detection, (I,,,
—(I)), plotted as a function of Az for B=5-11 T at T=8 K.
In all cases the time dependence of the polarization is well
described by a monoexponential decay [Eq. (2)], with a time
constant that becomes longer as the B-field is reduced. The
values of Tﬁ’ obtained are presented in Fig. 3(b) and directly
compared with equivalent data recorded from an electron
spin memory device measured under the same experimental
conditions.?2%2” As the B field is reduced from 12—1.5 T the
hole spin lifetime is found to increase from 8+3 to
270+180 us. The spin relaxation time measured at B
=1.5 T is more than four orders of magnitude longer than
recent reports for single CdSe dots where a lower limit of
~10 ns was measured.'® Furthermore, the ratio 7%/ T" lies in
the range ~5-10 over the whole range of B field investi-
gated, in strong contrast with quantum wells where 75/ T;f is
typically =10 due to SO mixing of HH and LH valence
bands. When such SO valence band mixing is suppressed by
motional quantization, we expect hole spin relaxation to be
dominated by SO-mediated spin-lattice coupling, as is the
case for electron spin relaxation in self-assembled QDs. To
test this hypothesis we studied the temperature dependence
of T’l' Figure 3(c) shows the temperature dependence of 741’
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for magnetic fields of B=6 and 10 T. For both magnetic
fields a very clear T’,’OC T-! dependence is observed, exactly
as was found previously for electron spin relaxation in self-
assembled QDs.?2%-27:28 The observation of monoexponential
decays and comparable spin lifetimes for electrons and holes
combined with 7~! temperature and strong B-field dependen-
cies strongly indicates that the dominant relaxation mecha-
nism for hole spins is, indeed, due to SO-mediated spin-
lattice coupling as has been shown to be the case for
electrons.??

To further support this conclusion, we calculated the
heavy hole spin relaxation time in disks like QDs having
strong motional quantization along the z direction (% w,) and
much weaker in-plane confinement (%, ,).%® For such a QD
geometry the energy splitting between discrete states derived
from HH and LH valence bands is much larger than the
orbital quantization energy, and the valence band orbital
states were, therefore, assumed to have pure HH character.
Only spin relaxation mediated by single phonon scattering
processes was included, and the calculations were performed
perturbatively using Bloch-Redfield theory to describe the
spin motion of the system [see Eq. (7) in Ref. 19]. The best
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fit to our experimental data is presented as the full lines on
Figs. 3(b) and 3(c) for the B-field and temperature dependen-
cies, respectively, obtained using the parameters fiw,,
=6 meV, fhw.=100 meV, g;=-0.6, and m;,=0.03m,. This
parameter set provides a good description of T’,‘(B,T), pro-
viding strong support for our hypothesis that hole spin relax-
ation in self-assembled QDs is mediated by the same mecha-
nism as for electrons, namely, spin-phonon scattering
between the Zeeman levels.

In summary, we have measured extremely slow spin re-
laxation dynamics for holes in small ensembles of self-
assembled InGaAs QDs. Systematic investigations of T’{ asa
function of magnetic field and temperature suggest that the
hole spin relaxation proceeds by SO-mediated single phonon
scattering, unlike the situation for hole spins in higher-
dimensional nanostructures. This conclusion is supported by
good quantitative agreement with theoretical calculations of
T! due to phonon-mediated hole spin relaxation.
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