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Single-hole spin relaxation in a quantum dot
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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 dd3D’s) have attracted a lot  focus on the longitudinal relaxation time associated with
of attention during the past years as possible candidates fetie spin flip in the Kramers degenerate doublet. An electron
quantum information processifgn this context, the carrier spin-flip is excluded, as it would lead to the trion triplet state
spin and its dynamics are of central interest. The discretéocated 70—80 meV on the high-energy st&/e emphasize
energy structure of QD’s may give rise to spin-relaxationthat this situation is entirely different from the one of the
times much longer than for bulk semiconductors or quantunexciton in uncharged QD’s. Here, either hole or electron spin
wells. So far, optical measurements have mostly addressdtip would create a dark state with slightly lower energy, not
the exciton spin dynamics.” The fine structure of the QD directly accessible in the experiment.
exciton, comprising optically allowed and forbidden states, The CdSe/ZnSe QD samples were grown by molecular-
all split by the electron-hole exchange, leads to a compleleam epitaxy, using a thermal activation procediideight
multicomponent time scenario, where electron and hole conand diameter of the pure CdSe core are about 2 nm and 5-10
tribution can be hardly separated. Much less is currentlynm, respectively, as revealed by transmission electron
known on the spin relaxation of single carriers in QD’s. microscopy'® The samples are naturaltydoped. In order to

Charged QD’s with resident carriers provide access to thetudy individual QD’s, mesa structures with an area down to
separate spin dynamics of electrons and h¥iésRecently, 100X 100 nnf were prepared by electron beam lithography
an electron-spin memory time of 15 ns has been deduceand wet chemical etching. For the magneto-PL measure-
from ensemble data on-doped InAs/GaAs QD structurds. ments, the sample was placed in a split-coil cryostat
As a consequence of the valence band substructure, the spiapable of field8<12 T and excited with a cw Ar laser
relaxation of holes is generally faster than for electrflS. (% we,.=2.54 eV), somewhat above the wetting layer con-
In quantum wells, where heavy- and light-hole bands arainuum edge. The PL signal was dispersed in a single mono-
split, the relaxation time can reach 1¥isTo the best of our chromator with a linear dispersion of 0.24 nm/mm and de-
knowledge, no experimental data on the hole spin dynamicgected with a nitrogen cooled charge coupled device matrix.
in single QD’s is so far available. In this work, we study The experiments were carried out in backward geometry
experimentally the spin flip of the hole in self-assembledwith propagation direction of incident and emitted light par-
CdSe/ZnSe QD's. Our concept is based on the photoluminesilel to the[001] growth axis g axis). In time-resolved mea-
cence(PL) from QD’s charged with a single electron. Here, surements, single mesas were optically selected by a micro-
optical excitation creates a trion state consisting of one holgcope in a confocal arrangement. The sample was excited by
and two electrons. The total spin of the trion is half integerthe sum frequency of a Kerr-lens mode-locked Ti:sapphire
and its eigenstates are hence Kramers doublets degeneratdager and a synchronously pumped optical parametric oscil-
zero magnetic field. The trion ground state is a singlet statéator. The pulses with a repetition rate of 76 MHz had a
represented by two electrons in the first electron shell andiuration of 1.5 ps, a spectral full width at half maximum of
one hole in the first heavy-hole shell. Due to the Pauli exclu41.5 meV, and an energy density ofi2)/cn?. The PL signal
sion principle, the total spin of the electrons is zero, so thatvas dispersed in a double monochromator with 1.7 nm/mm
the resultant angular momentum of the trion is defined bylinear dispersion in subtractive mode and detected by a
that of the hole with projection of,= = 2. There is no net multi-channel-plate  photomultiplier. A time-correlated
electron-hole exchange as the contributions from the eleasingle-photon counting unit provided an overall time resolu-
trons with oppositely aligned spins cancel each oth&a-  tion of 80 ps. Circular polarization control was achieved by a
diative recombination of the trion leaves a single electrom\/4 plate, placed both in the path of thariginally linearly)
with j,= =3 behind. The angular momentum rule demandspolarized excitation light as well as the PL signal. or o~
|=3)—0o"+|=3), with o= denoting the respective circular polarization of the PL was selected by rotation of/a plate
light polarization. Therefore, the polarization of the emittedin front of a Glan-Thomson prism introduced before the
photon directly monitors the spin orientation of the hole, i.e.,monochromator. The degree of circular polarization is de-
o' for +3 ando ™ for —3, respectively. In what follows, we fined aspe= (I ,+—1,-)/(1,++1,-), wherel ,+ andl .- are
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FIG. 1. (@) PL spectra from a single negatively charged QD a N " oa [ o
under cw excitation aB=0 (middle) andB=10 T in Faradaytop) 02 L o |
and Voigt (bottom geometrieqInset: scheme of the optical transi- ' Toe = (18 £ 8)ns
tions). (b) Fan charts(c) Intensity ratior betweenc® and o~ r -
components in Faraday geometry. Solid line is a fit with Eq. 2. 0.0 & N T
the st ando~ PL intensities, respectively, undert exci- 00 05 10 15 20
tation. time [ns]

First, we present low-temperatur@ €2 K) magneto-PL
data under nonresonant, linearly polarized cw excitation
. . . § . .
Here, separation of the emission frgm ) is accomplished (T=5 K). Lower part: Time dependence of the degree of circular

via the energy shift caused by the external field. Figues 1 jarizationp, (squares The solid line is a fit with Eq. 3.
summarizes typical PL spectra from a single QD measured at

B=0 andB=10T. In Voigt geometry Bl z), the single
line observed aB=0 splits in four components, while a
doublet of two circularly polarized lines occurs in Faraday
geometry B|z) with o~ (o) for the low (high) energy . n. n, AER\ n_
component. The fan charts, depicting the line positions as a Ne=0g-— —+—iex;{ - ﬁ) -
function of B, are presented in Fig(ll). After substraction of B
the overall diamagnetic shift, thg factors of electron and Wwherer is the radiative lifetime of the trion angl. denotes
hole for the respective field geometry can be extracted fronthe respective pump rate. For steady-state conditions and
these plots. Observation of four lines in Voigt geometry re-g.=g_, it follows

sults from the fact that a transverse magnetic field couples

FIG. 2. Upper part: Decay transients of the trion PL under
LO-phonon-assisted pulsed” excitation foro* ando~ detection

malization and thus a longse. Denoting byn.. the occupa-
tion of the|+2) state, the two-level rate equations read

@

L
TSk

the electron as well as the hole spin so that all four trion 1+ ﬁex;{ _ ﬁ)

transitions become optically allowed. Extrapolating the en- n. TSE kgT

ergy positions for each of the components dowBte0, we r= n__ 27 ' @)
find no zero-field splitting, which prove the trionic nature of 1+ T_SF

the emission liné>'%29From the fan curves in Voigt geom-
etry, we evaluate in-plang factors for the electron o, A fit of the data with this formula yields
=1.1 and for the hole ofj, , =0.2, respectivel§! 7/ 7= (0.11£0.06). In what follows, we present more di-
In longitudinal magnetic field, where the spin eigenstategect measurements et in the time domain.
are maintained, the PL doublet corresponds to the transitions Excitation with ot polarized pulses creates predomi-
|=3)—0o"+|=3), already allowed aB=0. The field- nantly trions with hole spirj,= %, as long as the excitation
induced splitting is now determined by tlgefactors along  energy is sufficiently below the trion triplet state. Analyzing
the quantization axis. Assuming that the electgpfactor is  the depolarization of the emission, one can determige
isotropic, we findgy, ,= 2.6, which allows one to estimate the Strictly resonant excitation of the ground state is faced with
energy splittingAE,=g,, ,ugB between the initial states of extreme stray light problems. For this reason, we used LO-
the recombination. Since the excitation is linearly polarizedphonon assisted excitation by tuning the photon energy
in this measurement, both states are addressed with equ28 meV above the groundstate transition. Time- and
probability (no optical orientatiopy while thermalization sub- polarization-resolved data for a single QD B&5 K are
sequently increases the 3) occupation. The intensity yield summarized in Fig. 2. The upper part depicts the PL tran-
of the PL lines provides hence a measurergf. The ratio  sients foro" ando~ detection. During the first 150 ps, the
r=1,+/1,- is plotted versu® in Fig. 1(c). There isonly a o* signal is still spoiled by stray light and will be hence
very weak variation upB=10 T, although, at this field disregarded in the further analysis. Beyond this range, both
strength,AE,,=1.50 meV is markedly larger than the ther- signals decay in very good approximation single exponen-
mal energykgT=0.34 meV. This fact suggests slow ther- tially. In the lower part of the figure, the degree of circular
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7 20f @ | o1 © 11 results for the single-trion PL, demonstrating that the en-
§ 16 e § AE=(25:23) meV B semble data are not distorted by statistical properties. The
8 12 & o spin-flip times that follow from the transients are summa-
‘E SM 0.1 10 rized in Fig. 3c). A marked shortening sets on at higher
24 g¢ temperatures so that a value of only=0.8 ns is reached at
053554005405 0.00 005 010 0I5 050 70 K. The data points follow closely an Arrhenius plot with
energy [eV] 1T an activation energy cAE=(25=3) meV.
04} (b In general, the spin dynamics of the hole is governed by
0.3 2 . 5K the substructure of the valence band.k& 0, none of the
02 . ;gﬁ states is a true elgenfu_nctlon of the an_gular projection
e v 30K operatorJ,. For a QD, this fact translates in a hole wave
o1 “ . oK function of the form y=S¢; (r)|j,), where we restrict
00 N S S ourselves in what follows to the heavy- and light-hole bands
00 02 04 06 12 14 16

(j,=*3,+3). PL excitation measurements have uncovered
o ] ~aset of excited trion states, starting with a feature separated
FIG. 3. (@ Time integrated PL spectra measuredsih ando by A=40 meV from the ground-state transitith.This
polarization from an ensemble of QD’s undet pulsed excitation feature is due to excitation of the second hole shell
one LO-phonon energy above the arrdh). Time dependence @f:  presumably associated with the first light-hole state. The

taken in a 0.5 meV window around the arrow. Solid curves correyyqy¢ 7ar0-phonon resonance, related to the second electron
spond to an exponential fit with Eq(3). (c) Temperature

dependence of spin-relaxation raterg{. Solid curve is a fit with She"f is already shifted by 80 meVv to. higher energl?s'

[0.05+ 42- exp(— AEKgT)] ns - : In view of the Iarge_ energy separations, the leading
' ' contribution to ¢ arises in first order from the

light-hole ground state. Denoting hy"'" the zeroth-order

0.8 1.0
time [ns]

polarization p. is shown. Consistent with the magneto-PL . L .
results, we only find very little depolarization within the envelot?r? flénCt'on]S’ +th|_sly|eld§ fOE the t”?” grou+nd state
trion lifetime. Note, however, that the initial polarization de- ¥= =0 1= 2) = ¢o'(I"|+ 5>+5:| = 5>)|/hAé2| ~andR™ are
gree, observed when the experimental data start to be meaffi€ k-p matrix elements ofpg" and ¢q .“ Two different
ingful, is only about 0.4. Under linearly polarized excitation, Sources for spin coupling arise from these wavefunctions.
the PL signal exhibits no linear polarization componentF'rSL the spin imprint of the cwcular_photon polarization is
within the experimental accuracy af0.05. Solving the rate Not perfect; i.e., ar” photon can excites, from an initial
equations now in the transient case akB,=0 yields for ~ SPin-up electron, whilej_ is addressed for spin down. This

the degree of circular polarization softening of the selection rule is caused by the parity-
conserving term-1~. Second, the admixturesR* mediate
2t a flip betweeny, and_ . This contribution of the heavy-

Pc:PoeXF< - T_SF) 3 light-hole coupling does not conserve parity. Note that inter-

actionsV, not depending on the carrier spin, then provide a
wherep, is the initial value. From the fit of the data in Fig. nonzero scattering matrix elemefi, |V|¢ ).
2 we obtainrsg=(18+8) ns andr=500 ps. These numbers ~ Our experimental findings reveal both kinds of spin cou-
compare reasonably well with the ratie/7se from the  Pling. The fact that no linearly polarized PL component is
magneto-PL. observed signifies that the light-hole admixture in the zero-
For a better signal-to-noise ratio, the temperature deperihonon trion ground states..,0) is indeed small. However,
dence of the hole spin flip was studied on a mesa witifhe trion-LO-phonon statgy..,1), where the QD is excited,
400-um? size. Here, the emission lines from single QD’s is markedly closer to the light-hole leveA=12 me\). The
cannot be separated. The excitation photon energy is tuned ixing coefficients] “/A andR*/A, are thus by a factor of
the maximum of the inhomogeneously broadened PL ban@bout 4 larger and their squares even by more than an order
occurring for continuum excitation. The ensemble includesf magnitude. Ther ™ pulse hence creates a significant
charged and uncharged QD’s, however, the linearly polarizegortion. During relaxation}..,1) is converted in the prac-
excitons do not contribute to the decay @f.13*®The PL tically pure angular momentum stafey.,0)~ "=+ %),
band present in this cageee Fig. 83)] has a spectral width which subsequently gives rise to ba#i and o~ polarized
of 10 meV and its maximum is located 28 meV below thePL components. This depolarization, involving no flip be-
excitation photon energy. Excitation via 1-LO-phonon assistweeny . and ¢ _, defines a temperature-independent con-
tance is hence predominant, resembling the situation for thegibution to the initial drop ofp, down to 0.4 before we
single-QD measurements. Across the whole band, the polasbserve the first evaluable photons after about 150 ps. A
ization degree is positive, however, with larger values at theartial loss of polarization during the conversion from the
center. Obviously, acoustical phonons, coming into play abne- to the zero-LO-phonon state has been also observed for
the edges, are a source of further depolarization. In Fig. 3he exciton in uncharged QD*®
the time-resolved polarization degree taken at the band maxi- The lifetime of the trion-LO-phonon complex is limited
mum is plotted for different temperaturd5—70 K). The by the decay of the optical mode, most probably in acoustical
low-temperature curvesT 30 K) are consistent with the phonons. The absence of any noticeable PL ytahbicates
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that this lifetime is at maximum a few 10 ps. The secondimportantly, the bandwidth of the one-LO resonance is 8
much slower depolarization seen in the low-temperature PimeV® presumably due to disorder fluctuations of the pho-
transients is therefore related to scattering frémto «_ in non energy. The hole is thus more heavily subject to scatter-
the trion ground state. The spin-flip times are here longeing with the consequence of also distinctly shorter spin-flip
than 10 ns. Hyperfine interaction with the nuclear spins, intimes than in the ground state.
voked to define a limit for the electron-spin-flip in Q¥Sis In conclusion, we have observed two kinds of depolariza-
by far less efficient for holes, because of theitype Bloch tion associated with the hole spin in a QD. Both are related
functions®* Flip by a spin-independent interaction requiresto heavy-light-hole coupling. The first one is caused by an
parity breaking so thaR*#0. An irregular QD shape or imperfect spin imprint of the circular photon polarization.
strain can be a reason for this. Otherwise, envelope functioriBhis depolarization is enhanced in our measurements, as the
of excited states with larger energy separation have to b@D is excited close to the light-hole shell. It can be thus
included in the wave functions. In addition, the resultantstrongly suppressed by resonant excitation of the trion
spin-flip matrix element is of second order [*R*) in the  ground state. The low-temperature spin flip in the degenerate
band mixing. Therefore, while we can currently not specifyhole doublet exhibits a component with a time constant
the actual low-temperature mechanigiaefects, disorder, longer than 10 ns. This is a consequence of the large sepa-
phonons, etg, the above considerations demonstrate that theations between the discrete energy levels in QD’s reducing
observation of very long hole spin-flip times is in no contra-strongly the band mixing. At higher temperature, along with
diction to the general expectation. The somewhat shager the population of the LO-phonon modes, the spin flip be-
obtained from the magneto-PL data might indicate a more&eomes increasingly rapid and reaches the subnanosecond
efficient spin flip when the degeneracy of the doublet is retange at about 70 K. This is mostly a result of the relatively
moved, enabling direct transition with acoustical phonons. large scattering rates in trion-LO-phonon state. Reduction of
The speedup at higher temperatures has an activation ethose rates is the key for achieving long spin-flip times at
ergy consistent with LO phonons. Increasing occupation otlevated temperatures.
the one-phonon complex has the consequence that a part of The authors thank S. Rogaschewski for the lithographic
the spin flip takes place in this state. As noted above, thetching. This work was supported by the Deutsche Fors-
heavy-light-hole coupling is stronger here. However, morechungsgemeinschaft by Project No. He 1939/11-3.
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