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Polarization dynamics in self-assembled Cd$2nSe quantum dots: The role of excess energy
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The polarization dynamics of zero-dimensional exciton emission is studied for CdSe/ZnSe quantum dots
going systematically from strictly resonant to nonresonant excitation. Independent on the excess energy, no
transient decrease of the polarization is found for ground state exciton emission. However, the absolute value
of the polarization degree exhibits a strong nhonmonotonic dependence on the excitation energy. We demon-
strate that the initial loss of polarization after nonresonant excitation can be minimized if the exciton excess
energy corresponds to an integer multiple of LO-phonon energies.
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The idea of using the spin of particléslectrons, holes or, We have studied the polarization dynamics in self-
excitong as information carrier was the ignition of a com- assembled CdSe/ZnSe quantum dots. Despite the strong ex-
pletely new area of research nansmintronics?In orderto  change interaction in this systefhno depolarization of the
use the spin for fast information processing a major requirePL signal is observed in the time window under investiga-
ment is to keep a once prepared spin state as long as pa®n, if one excites the eigenstates of the zero-dimensional
sible. In other words, the loss of spin polarization is the mosexcitons strictly resonant. By varying the excitation system-
challenging process to be controlled on the way to a welktically from the resonariexcitation energy.,.= detection
functioning spintronics. It has been shown, that, e.g., thenergyEye) to the nonresonar,, > E4.) case, we are able
electronspin relaxation time can exceed 100 nsnitloped  to extract the role of excess energy on the polarization dy-
bulk GaAs? while the spin depolarization diolesor exci-  namics of zero-dimensional exciton recombination in an en-
tonsis usually quite fast in higher dimensional structutés. semble of QD's.

This is particularly true for wide-band-gap II-VI materials  The samples under investigation have been fabricated by
such as ZnSe, where the strong electron-hole exchange intenolecular beam epitaxy on a GaAs substrate. On top of a
action results in extremely small spin relaxation times 0f180 nm nominally undoped GaAs buffer a 53 nm thick ZnSe
<10 ps for low temperaturésit is expected that in quantum layer was grown. Subsequently a CdSe layer with a nominal
dots (QD’s) spin-flip processes are strongly modified due tothickness of about 1.3 monolayers was deposited forming the
the discrete density of states. Indeed, recent time-resolve@QD layer and a 25 nm ZnSe barrier acts as cap layer. Thus,
measurements on epitaxiaily or chemically preparéd the total II-VI layer thickness is kept below the critical thick-
QD’s seem to confirm this prediction, revealing even excitonness for strain relaxation, ensuring high sample quality. The
spin relaxation times up to several nanoseconds, i.e., mudAL signal of the QD ensemble is inhomogeneously broad-
larger than in bulk or quantum well samples. This goes han@ned(full width at half maximum of 43 meYwith the maxi-

in hand with spatially resolved photoluminescelee) mea- mum at 2.605 eV. By highly spatially resolved PL
surements on single QD’s, where a spin relaxation time irspectroscopy'*°it has been shown that this sample contains
the nanosecond regime was estimated from time-integrate@D’s with a density on the order of ¥ocm™2. For compari-
measurements:*? son, a quantum wellQW) sample was grown, consisiting of

However, these experiments were performed under varia 10.5 nm of Zg4;£Cd; g5 QW sandwiched between ZnSe
ous excitation conditions. Gotagt al.” studied the polariza- barriers.
tion dynamics of exciton recombination in,[Ba, _,As QD'’s In order to excite the QDs we used a tunable frequency
for nonresonant excitation with an excess energy of abououbled and mode-locked titanium-sapphire-laser providing
100 meV, while Flissikowsket al® used an excess energy 1.5 ps pulses with a repetition rate of 82 MHz. The PL signal
comparable to the LO-phonon energy to address a singleas spectrally dispersed by a 0.46 m monochromator
II-VI QD. To make sure that no relaxation processes influ-equipped with a 1200 mit line grating. Before being de-
ence the spin dynamics in self-assembled InAs/GaAs QDsgcted by a Peltier cooled charge coupled devie€D) the
Paillard et al® applied strictly resonant conditions. No sys- PL signal was temporally resolved by a streak camera. The
tematic study of the influence of the excess energy on theverall temporal and spectral resolution of the setup was 20
transient polarization degree and thus the transient change p§ and 0.4 meV, respectively. To adjust the linear polarization
the spin states is available, although this question is of greatf the laser beam we used a Glan laser prism followed by a
importance, as, e.g., in a QD heterostructure in case of elea/2 rhombus. A dichroic sheet polarizer was used in the de-
trical injection the electrons and/or holes first have to loosdection path to select between the’ and #* polarization
their excess energy before occupying the QD ground state(the linear polarizations are chosen to be parallel td 116€)]
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_ ) _ _ __ detection energy if one stays resonant to the QD ground
FIG. 1. PL-transients obtained after linear polarized excitationgiate
(7Y) (upper part and after excitation with circular polarized light It is well known that in self-assembled CdSe/ZnSe QD’s

R ) o e
(o) (lower pan. Filled symbols indicate parallel polarization of the heavy hole exciton eigenstates are quite frequently linear

the exciting laser beam and the detected PL signal, while opPe | arositions of =|+1> andJ =|+2> stated’ due to the
symbols indicate the opposite one. The insets show the polarizatiogxghapr)] es Iittinz Carjsed b t%e 6D as mrri‘éﬂﬁlandlor
degrees defined ag=(1Y—1)/(1Y+1%) and po=(1*—17)/(1* ge spiitting y Y

+17) for linear and circular polarized excitation, respectively. the I_nterface amsotropf}?Thy; while C|rc_:ular polarlz_ed ex
citation creates a superposition of the eigenstates, in the case
_ of linear polarized excitation, the excitons are generated in
and[110] crystal orientation, respectivglyf the emitted their eigenstates. The observation that tleearn polariza-
PL signal. For experiments with circular polarizatio8  tion degree does not reach unity is most likely due to the fact
rhombus and a/4 plate were placed in the excitation and that a part of the QD’s have eigenstates of different symme-
the detection path, respectively. All the measurements wergy. As in our ensemble measurements the exchange splitting
done at a temperaturd @ K and the excitation density was varies from dot to dot a superposition of spin precession with
kept low enough to ensure that only single electron-holdifferent frequencies is obtained in case of circular polarized
pairs occupy the QD ground state, i.e., biexciton or multiex-excitation and thus a vanishing polarization degree is ex-
citon formation was avoided. pected within our finite time resoluticf.

Figure 1 shows typical PL transients after excitation with It has to be emphasized that observing a linear polariza-
linear (Y, upper part of the figupeand circular ¢*, bot-  tion degree which does not decrease in time means that the
tom) polarized light, respectively. The experiments are percoherent superposition of the spin-up and the spin-down ex-
formed under strictly resonant excitation of the QD groundciton state isn’t destroyed. According to Paillaetial® this
state, i.e., the detection energy is chosen to be identical to theeans that neither the electron nor the hole spin state change
excitation energy of 2.599 eV. No transient energy shift ofwithin the time scale under investigation.
the PL signal is seen, demonstrating that we are really prob- It is supposed that only under strictly resonant excitation
ing zero-dimensional staté®In case of linear polarized ex- conditions it is possible to study the intrinsic polarization
citation, no decay of the remarkably high polarization degreelynamic<® In the case of nonresonant excitation carrier scat-
of py=(1"=1X)/(1Y+1%)~0.8 is obtainedsee inset of Fig. tering and relaxation processes as well as the excitation of
1). In contrast, a circular polarization degree gf=(1" states with different symmetry and thus different selection
—17)/(1"+17)=~0 is measured if one goes from linear po- rules may affect the transient polarization degree of the QD
larized to circular polarized excitatioisee lower part of the ground state emission. However, a systematic investigation
figure). Similar measurements performed on the QW refer-of the influence of the excess energy on the polarization dy-
ence sample showed for both, linear as well as circular poramics is still missing. For this purpose we performed a kind
larized excitation a rapid depolarization within our temporalof time resolved photoluminescence excitati®L.E) spec-
resolution of 20 ps, in good agreement with data obtained fotroscopy: We fix the detection enerdyere to 2.599 eYand
ZnSe/ZnMgSSe quantum wefidt is important to note that systematically vary the excess energy of the exciting laser
these findings do not change if one varies the excitation derpulse.
sity (between 0.5 W/chand 100 W/crf) or the excitation/ In Fig. 2 the transient polarization degree for excitation
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phonons required for relaxation into the QD ground state.

FIG. 3. The degree of linear polarizatiop,, is plotted versus

PL energy for four different excitation energiésdicated by the T L
arrows. AE gives the excess energy, i.e., the energy Separatiogemonstrates; a reduced loss of polarization information if

between the exciting laser and the maximum of the polarizatiorPN€ Creates electron-hole pairs with well-defined excess en-
degree. ergies above the QD ground state.

Calling into mind that the LO-phonon energies in bulk
o . , ) . CdSe and ZnSe are 265 meV and 31.6 meV,
with linear polarized light,p,, is shown for three different respectiveli?223 this suggests that the resonances in the po-
excess energiesAE=31 meV, 47 meV, and 60 meV, re- |arization degree are related to carrier relaxation into the
spectively. For comparison, the time evolution of the polar- ground state via LO-phonon scattering: If the excess energy
ization degree in the case of strictly resonant excitatiorof the electron-hole pairs fits to a multiple of LO-phonon
(AE=0) and above barrier excitatiomE=350 meV) is  energies, the relaxation process is expected to be quite fast.
indicated in the figuredashed lings The polarization degree The width of those resonances becomes slightly larger with
is virtually constant in time, independent on excitation en-increasing number of phonons contributing to the relaxation
ergy. This means that once the exciton occupies the groungrocess and is most likely determined by the composition
state of the QD, no transient change of the polarization ocfluctuations between the QD’s, which in turn leads to a dis-
curs within the time window under investigation. However, atribution of LO-phonon energiegs.
general feature seems to be the lower initial degree of polar- |t is interesting to compare the degree of polarization at
ization as compared to the strictly resonant case. For abowde maximum of the resonances for different excess energies,
barrier excitation, the polarization degree is even zero, i.ej.e., different numbers of LO phonons contributing to the
the polarization information initially imprinted to the relaxation proceséFig. 4). While for strictly resonant exci-
electron-hole pairs by the exciting laser beam is completelyation a polarization degree of almost 0.8 is obtaingdje-
lost?? creases with the number of phonons, reaching about 0.2, if
Interestingly, the loss of polarization is not simply a four LO phonons are required for the exciton to reach the
monotonic function of the excess eney, e.g., while for QD ground state. Still, however, a significant degree of po-
an excess energy of 47 meV the polarization degree is rdarization is obtained with rather large excess energies.
duced to aboup;=0.3, a much higher degree of linear po- At this point, we would like to discuss briefly some pos-
larization is obtained by increasing the excess energy tgible reasons for the depolarization effect found with increas-
aboutAE=60 meV. In order to identify the origin of this ing excess energy. First, the energy splitting between heavy
behavior, the degree of polarizatign is plotted versus the and light hole excitons is expected to be on the order of 100
PL energy for different excitation energies in Fig. 3. In ordermeV for this structur& and the split-off band is even further
to discuss predominantly the polarization degree of the Plabove in energ$® Thus, the involvement of these additional
signal originating from excitons recombining in the QD branches of the valence band can be ruled out, at least for
ground state, we restrict ourselves to energies belovexcess energies, which are clearly below 100 meV. In addi-
~2.61 eV. In general, the average polarization degree detion, at least for small excess energi@sg., the one LO-
creases for increasing excess energy. However, there are pigehonon resonangehe population of extended states seems
nounced resonances in the degree of polarization at certaio be negligible, as can be concluded from PL excitation
PL energies. The maxima of these resonances are separatgéasurements on single CdSe/ZnSe @B%.
by about 29 meV from each other and by a multiple of this In order to account for the overall reduction of polariza-
energy from the energy of the exciting laser. This clearlytion degree with increasing excess energy both, phonon scat-
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tering as well as the excitation of QD states or superposition In conclusion, we studied the polarization dynamics in
of QD stated with different symmetry and thus different se- self-assembled CdSe/ZnSe QD’s for various excitation con-
lection rules have to be considered. While we cannot disditions. Exciting strictly resonant the eigenstates of the QD
criminate quantitatively between these different mechanismground state, no loss of polarization is found within the time
the fact that the polarization degree can be minimized byscale of recombination. Even in the case of nonresonant ex-
adjusting the excess energy to a multiple of LO-phonon entitation, no transient decrease of the polarization degree is
ergies is quite important. For these excitation energies, th@btained for ground state exciton emission, while however
carrier relaxation time to the QD ground state is significantlyn® absolute value of the polarization degree strongly de-
shortened due to the efficient carrier—LO-phonon interactionP€nds on excess energy. In the case of nonresonant excita-
This decrease of the relaxation time to the QD ground state idon, the effect'of depolanzaﬂon can be minimized if the
related to a reduced initial loss of polarization. Thus, one ha%xcess energy is equal to a multiple of LO-phonon energies.

. o [though we have not yet a complete theoretical understand-
to conclude that in case of nonresonant excitation at least f%g of the mechanism behind the initial loss of polarization

part of the loss of initial polarization is connected to thefor increasing excess energy, we hope that our experimental

energy relaxation process. That is, th_e IOS.S of polarizatioraata can give some input for corresponding calculations.
cannot purely be explained by assuming different selection

rules for excited states. Note that the broadening of the dis- We thank B.P. Zakharchenya for stimulating discussions.
tribution of N LO-phonon energies cannot account for theThis work was partially supported by the Deutsche Fors-
overall reduction of the peak polarization degree. chungsgemeinschaf&FB410 and by the DARPA program.
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