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Single-hole spin relaxation in a quantum dot

T. Flissikowski, I. A. Akimov, A. Hundt, and F. Henneberger*
Humboldt Universita¨t zu Berlin, Institut fu¨r Physik, Newtonstrasse 15, 12489 Berlin, Germany

~Received 19 June 2003; published 20 October 2003!

Using the photoluminescence of the trion feature as a monitor, we study experimentally the spin relaxation
of the hole in self-assembled CdSe/ZnSe quantum dots. We observe two kinds of depolarization. The first one
is due to an imperfect spin imprint of the circular photon polarization. The second transient depolarization is
caused by the hole spin-flip in the Kramers degenerate trion doublet. At low temperature, the spin relaxation
exhibits a slow component with a time constant longer than 10 ns. A considerable speedup takes place at higher
temperature, reaching the sub nanosecond range at about 70 K. The activation energy is consistent with LO
phonons.
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Self-assembled quantum dots~QD’s! have attracted a lo
of attention during the past years as possible candidates
quantum information processing.1 In this context, the carrier
spin and its dynamics are of central interest. The disc
energy structure of QD’s may give rise to spin-relaxati
times much longer than for bulk semiconductors or quant
wells. So far, optical measurements have mostly addre
the exciton spin dynamics.2–7 The fine structure of the QD
exciton, comprising optically allowed and forbidden stat
all split by the electron-hole exchange, leads to a comp
multicomponent time scenario, where electron and hole c
tribution can be hardly separated. Much less is curren
known on the spin relaxation of single carriers in QD’s.

Charged QD’s with resident carriers provide access to
separate spin dynamics of electrons and holes.8–11 Recently,
an electron-spin memory time of 15 ns has been dedu
from ensemble data onn-doped InAs/GaAs QD structures9

As a consequence of the valence band substructure, the
relaxation of holes is generally faster than for electrons.12,13

In quantum wells, where heavy- and light-hole bands
split, the relaxation time can reach 1 ns.14 To the best of our
knowledge, no experimental data on the hole spin dynam
in single QD’s is so far available. In this work, we stud
experimentally the spin flip of the hole in self-assemb
CdSe/ZnSe QD’s. Our concept is based on the photolumi
cence~PL! from QD’s charged with a single electron. Her
optical excitation creates a trion state consisting of one h
and two electrons. The total spin of the trion is half integ
and its eigenstates are hence Kramers doublets degener
zero magnetic field. The trion ground state is a singlet s
represented by two electrons in the first electron shell
one hole in the first heavy-hole shell. Due to the Pauli exc
sion principle, the total spin of the electrons is zero, so t
the resultant angular momentum of the trion is defined
that of the hole with projection ofj z56 3

2 . There is no net
electron-hole exchange as the contributions from the e
trons with oppositely aligned spins cancel each other.15 Ra-
diative recombination of the trion leaves a single elect
with j z56 1

2 behind. The angular momentum rule deman
u6 3

2 &→s61u6 1
2 &, with s6 denoting the respective circula

light polarization. Therefore, the polarization of the emitt
photon directly monitors the spin orientation of the hole, i.
s1 for 13

2 ands2 for 23
2, respectively. In what follows, we
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focus on the longitudinal relaxation timetSF associated with
the spin flip in the Kramers degenerate doublet. An elect
spin-flip is excluded, as it would lead to the trion triplet sta
located 70–80 meV on the high-energy side.16 We emphasize
that this situation is entirely different from the one of th
exciton in uncharged QD’s. Here, either hole or electron s
flip would create a dark state with slightly lower energy, n
directly accessible in the experiment.

The CdSe/ZnSe QD samples were grown by molecu
beam epitaxy, using a thermal activation procedure.17 Height
and diameter of the pure CdSe core are about 2 nm and 5
nm, respectively, as revealed by transmission elect
microscopy.18 The samples are naturallyn doped. In order to
study individual QD’s, mesa structures with an area down
1003100 nm2 were prepared by electron beam lithograp
and wet chemical etching. For the magneto-PL measu
ments, the sample was placed in a split-coil cryos
capable of fieldsB<12 T and excited with a cw Ar1 laser
(\vexc52.54 eV), somewhat above the wetting layer co
tinuum edge. The PL signal was dispersed in a single mo
chromator with a linear dispersion of 0.24 nm/mm and d
tected with a nitrogen cooled charge coupled device mat
The experiments were carried out in backward geome
with propagation direction of incident and emitted light pa
allel to the@001# growth axis (z axis!. In time-resolved mea-
surements, single mesas were optically selected by a mi
scope in a confocal arrangement. The sample was excite
the sum frequency of a Kerr-lens mode-locked Ti:sapph
laser and a synchronously pumped optical parametric os
lator. The pulses with a repetition rate of 76 MHz had
duration of 1.5 ps, a spectral full width at half maximum
1.5 meV, and an energy density of 2mJ/cm2. The PL signal
was dispersed in a double monochromator with 1.7 nm/m
linear dispersion in subtractive mode and detected b
multi-channel-plate photomultiplier. A time-correlate
single-photon counting unit provided an overall time reso
tion of 80 ps. Circular polarization control was achieved b
l/4 plate, placed both in the path of the~originally linearly!
polarized excitation light as well as the PL signal.s1 or s2

polarization of the PL was selected by rotation of al/2 plate
in front of a Glan-Thomson prism introduced before t
monochromator. The degree of circular polarization is d
fined asrc5(I s12I s2)/(I s11I s2), whereI s1 andI s2 are
©2003 The American Physical Society09-1
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the s1 ands2 PL intensities, respectively, unders1 exci-
tation.

First, we present low-temperature (T52 K) magneto-PL
data under nonresonant, linearly polarized cw excitati
Here, separation of the emission fromu6 3

2 & is accomplished
via the energy shift caused by the external field. Figure 1~a!
summarizes typical PL spectra from a single QD measure
B50 and B510 T. In Voigt geometry (B'z), the single
line observed atB50 splits in four components, while
doublet of two circularly polarized lines occurs in Farad
geometry (Biz) with s2 (s1) for the low ~high! energy
component. The fan charts, depicting the line positions a
function ofB, are presented in Fig. 1~b!. After substraction of
the overall diamagnetic shift, theg factors of electron and
hole for the respective field geometry can be extracted fr
these plots. Observation of four lines in Voigt geometry
sults from the fact that a transverse magnetic field coup
the electron as well as the hole spin so that all four tr
transitions become optically allowed. Extrapolating the e
ergy positions for each of the components down toB50, we
find no zero-field splitting, which prove the trionic nature
the emission line.15,19,20From the fan curves in Voigt geom
etry, we evaluate in-planeg factors for the electron ofge,'
51.1 and for the hole ofgh,'50.2, respectively.21

In longitudinal magnetic field, where the spin eigensta
are maintained, the PL doublet corresponds to the transit
u6 3

2 &→s61u6 1
2 &, already allowed atB50. The field-

induced splitting is now determined by theg factors along
the quantization axis. Assuming that the electrong factor is
isotropic, we findgh,z52.6, which allows one to estimate th
energy splittingDEh5gh,zmBB between the initial states o
the recombination. Since the excitation is linearly polariz
in this measurement, both states are addressed with e
probability~no optical orientation!, while thermalization sub-
sequently increases theu23

2& occupation. The intensity yield
of the PL lines provides hence a measure oftSF. The ratio
r 5I s1 /I s2 is plotted versusB in Fig. 1~c!. There is only a
very weak variation upB510 T, although, at this field
strength,DEh51.50 meV is markedly larger than the the
mal energykBT50.34 meV. This fact suggests slow the

FIG. 1. ~a! PL spectra from a single negatively charged Q
under cw excitation atB50 ~middle! andB510 T in Faraday~top!
and Voigt ~bottom! geometries~Inset: scheme of the optical trans
tions!. ~b! Fan charts.~c! Intensity ratio r betweens1 and s2

components in Faraday geometry. Solid line is a fit with Eq. 2.
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malization and thus a longtSF. Denoting byn6 the occupa-
tion of the u63

2& state, the two-level rate equations read

ṅ65g62
n6

t
7

n1

tSF
6expS 2

DEh

kBT D n2

tSF
, ~1!

wheret is the radiative lifetime of the trion andg6 denotes
the respective pump rate. For steady-state conditions
g15g2 , it follows

r 5
n1

n2
5

11
2t

tSF
expS 2

DEh

kBT D
11

2t

tSF

. ~2!

A fit of the data with this formula yields
t/tSF5(0.1160.06). In what follows, we present more d
rect measurements oftSF in the time domain.

Excitation with s1 polarized pulses creates predom
nantly trions with hole spinj z5

3
2 , as long as the excitation

energy is sufficiently below the trion triplet state. Analyzin
the depolarization of the emission, one can determinetSF.
Strictly resonant excitation of the ground state is faced w
extreme stray light problems. For this reason, we used L
phonon assisted excitation by tuning the photon ene
28 meV above the groundstate transition. Time- a
polarization-resolved data for a single QD atT55 K are
summarized in Fig. 2. The upper part depicts the PL tr
sients fors1 ands2 detection. During the first 150 ps, th
s1 signal is still spoiled by stray light and will be henc
disregarded in the further analysis. Beyond this range, b
signals decay in very good approximation single expon
tially. In the lower part of the figure, the degree of circul

FIG. 2. Upper part: Decay transients of the trion PL und
LO-phonon-assisted pulseds1 excitation fors1 ands2 detection
(T55 K). Lower part: Time dependence of the degree of circu
polarizationrc ~squares!. The solid line is a fit with Eq. 3.
9-2
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polarizationrc is shown. Consistent with the magneto-P
results, we only find very little depolarization within th
trion lifetime. Note, however, that the initial polarization d
gree, observed when the experimental data start to be m
ingful, is only about 0.4. Under linearly polarized excitatio
the PL signal exhibits no linear polarization compone
within the experimental accuracy of60.05. Solving the rate
equations now in the transient case andDEh50 yields for
the degree of circular polarization

rc5r0expS 2
2t

tSF
D , ~3!

wherer0 is the initial value. From the fit of the data in Fig
2 we obtaintSF5(1868) ns andt5500 ps. These number
compare reasonably well with the ratiot/tSF from the
magneto-PL.

For a better signal-to-noise ratio, the temperature dep
dence of the hole spin flip was studied on a mesa w
400-mm2 size. Here, the emission lines from single QD
cannot be separated. The excitation photon energy is tune
the maximum of the inhomogeneously broadened PL b
occurring for continuum excitation. The ensemble includ
charged and uncharged QD’s, however, the linearly polari
excitons do not contribute to the decay ofrc .1,3,4,6 The PL
band present in this case@see Fig. 3~a!# has a spectral width
of 10 meV and its maximum is located 28 meV below t
excitation photon energy. Excitation via 1-LO-phonon ass
tance is hence predominant, resembling the situation for
single-QD measurements. Across the whole band, the po
ization degree is positive, however, with larger values at
center. Obviously, acoustical phonons, coming into play
the edges, are a source of further depolarization. In Fig
the time-resolved polarization degree taken at the band m
mum is plotted for different temperatures~5–70 K!. The
low-temperature curves (T,30 K) are consistent with the

FIG. 3. ~a! Time integrated PL spectra measured ins1 ands2

polarization from an ensemble of QD’s unders1 pulsed excitation
one LO-phonon energy above the arrow.~b! Time dependence ofrc

taken in a 0.5 meV window around the arrow. Solid curves co
spond to an exponential fit with Eq.~3!. ~c! Temperature
dependence of spin-relaxation rate 1/tSF. Solid curve is a fit with
@0.05142•exp(2DE/kBT)# ns21.
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results for the single-trion PL, demonstrating that the e
semble data are not distorted by statistical properties.
spin-flip times that follow from the transients are summ
rized in Fig. 3~c!. A marked shortening sets on at high
temperatures so that a value of onlytSF50.8 ns is reached a
70 K. The data points follow closely an Arrhenius plot wi
an activation energy ofDE5(2563) meV.

In general, the spin dynamics of the hole is governed
the substructure of the valence band. AtkWÞ0, none of the
states is a true eigenfunction of the angular project
operatorJz . For a QD, this fact translates in a hole wa
function of the form c5(w j z

(rW)u j z&, where we restrict
ourselves in what follows to the heavy- and light-hole ban
( j z56 3

2 ,6 1
2 ). PL excitation measurements have uncove

a set of excited trion states, starting with a feature separ
by D540 meV from the ground-state transition.16 This
feature is due to excitation of the second hole sh
presumably associated with the first light-hole state. T
next zero-phonon resonance, related to the second elec
shell, is already shifted by 80 meV to higher energi
In view of the large energy separations, the lead
contribution to c arises in first order from the
light-hole ground state. Denoting byw0

hh/ lh the zeroth-order
envelope functions, this yields for the trion ground sta
c65w0

hhu6 3
2 &2w0

lh(I 6u7 1
2 &1R6u6 1

2 &)/D. I 6 andR6 are
the k•p matrix elements ofw0

hh and w0
lh .22 Two different

sources for spin coupling arise from these wavefunctio
First, the spin imprint of the circular photon polarization
not perfect; i.e., as1 photon can excitec1 from an initial
spin-up electron, whilec2 is addressed for spin down. Thi
softening of the selection rule is caused by the par
conserving term;I 6. Second, the admixtures;R6 mediate
a flip betweenc1 andc2 . This contribution of the heavy-
light-hole coupling does not conserve parity. Note that int
actionsV, not depending on the carrier spin, then provide
nonzero scattering matrix element^c1uVuc2&.

Our experimental findings reveal both kinds of spin co
pling. The fact that no linearly polarized PL component
observed signifies that the light-hole admixture in the ze
phonon trion ground stateuc6,0& is indeed small. However
the trion-LO-phonon stateuc6,1&, where the QD is excited
is markedly closer to the light-hole level~D512 meV!. The
mixing coefficients,I 6/D andR6/D, are thus by a factor of
about 4 larger and their squares even by more than an o
of magnitude. Thes1 pulse hence creates a significantc2

portion. During relaxation,uc6,1& is converted in the prac
tically pure angular momentum stateuc6,0&'w0

hhu6 3
2 &,

which subsequently gives rise to boths1 ands2 polarized
PL components. This depolarization, involving no flip b
tweenc1 and c2 , defines a temperature-independent co
tribution to the initial drop ofrc down to 0.4 before we
observe the first evaluable photons after about 150 ps
partial loss of polarization during the conversion from t
one- to the zero-LO-phonon state has been also observe
the exciton in uncharged QD’s.4,6

The lifetime of the trion-LO-phonon complex is limite
by the decay of the optical mode, most probably in acoust
phonons. The absence of any noticeable PL yield16 indicates

-
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that this lifetime is at maximum a few 10 ps. The seco
much slower depolarization seen in the low-temperature
transients is therefore related to scattering fromc1 to c2 in
the trion ground state. The spin-flip times are here lon
than 10 ns. Hyperfine interaction with the nuclear spins,
voked to define a limit for the electron-spin-flip in QD’s,23 is
by far less efficient for holes, because of theirp-type Bloch
functions.24 Flip by a spin-independent interaction requir
parity breaking so thatR6Þ0. An irregular QD shape o
strain can be a reason for this. Otherwise, envelope funct
of excited states with larger energy separation have to
included in the wave functions. In addition, the resulta
spin-flip matrix element is of second order (;I 6R7) in the
band mixing. Therefore, while we can currently not spec
the actual low-temperature mechanism~defects, disorder
phonons, etc.!, the above considerations demonstrate that
observation of very long hole spin-flip times is in no contr
diction to the general expectation. The somewhat shortertSF
obtained from the magneto-PL data might indicate a m
efficient spin flip when the degeneracy of the doublet is
moved, enabling direct transition with acoustical phonon

The speedup at higher temperatures has an activation
ergy consistent with LO phonons. Increasing occupation
the one-phonon complex has the consequence that a pa
the spin flip takes place in this state. As noted above,
heavy-light-hole coupling is stronger here. However, m
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non energy. The hole is thus more heavily subject to sca
ing with the consequence of also distinctly shorter spin-
times than in the ground state.

In conclusion, we have observed two kinds of depolari
tion associated with the hole spin in a QD. Both are rela
to heavy-light-hole coupling. The first one is caused by
imperfect spin imprint of the circular photon polarizatio
This depolarization is enhanced in our measurements, as
QD is excited close to the light-hole shell. It can be th
strongly suppressed by resonant excitation of the tr
ground state. The low-temperature spin flip in the degene
hole doublet exhibits a component with a time const
longer than 10 ns. This is a consequence of the large s
rations between the discrete energy levels in QD’s reduc
strongly the band mixing. At higher temperature, along w
the population of the LO-phonon modes, the spin flip b
comes increasingly rapid and reaches the subnanose
range at about 70 K. This is mostly a result of the relative
large scattering rates in trion-LO-phonon state. Reduction
those rates is the key for achieving long spin-flip times
elevated temperatures.
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