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Exciton Spin Relaxation in Semiconductor Quantum Wells: The Role of Disorder
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Ultrafast pulse measurements on high-qualin, CdSe/ZnSe quantum wells yield the very
surprising result that the decay of the exciton spin transients after resonant excitation with circularly
polarized light is even faster than the exciton dephasing time. We demonstrate that this fact is
a direct consequence of (alloy) disorder which gives rise to a kind of inhomogeneous broadening
and associated interference effects for spin dynamics across the band of localized exciton states.
[S0031-9007(98)07100-2]

PACS numbers: 78.66.Hf, 71.35.Gg, 73.20.Dx

Below band-gap optical excitation of a semiconductorwas tuned to the heavy hole (HH) exciton resonance and
by circularly polarized light creates excitons with defi- served as the pump beam as well as for the DFWM setup.
nite spin orientation. During recent years, much inter-The polarization control of the beams was better than
est has been focused on the spin relaxation of excitons00:1. All measurements were carried oufat 5 K.
in quantum well (QW) structures [1-8]. However, de- Before coming to the spin relaxation itself, we first
spite these efforts, the understanding of the spin revepresent data which are of importance for the later dis-
sal in two dimensions is far from being complete. Thecussion. Generally, in the presence of disorder, there is
numbers reported for the spin relaxation time are stronglyio translational symmetry in the QW plane. The exci-
sample dependent—even for QW’s of nominally the saméon (as well as biexciton) energies exhibit a distribution,
design—and scatter between 1 and 220 ps. These divawshere each energy belongs to a certain in-plane location
gent findings suggest that disorder being an inherent feaf the particle, referred to as “site” in what follows. In the
ture of QW’s (alloy fluctuations, interface roughness, .. .)present case, characterized by a teridrny Cd)Se QW, al-
plays an important role also in the exciton spin dynamicsloy fluctuations defining the main disorder source provide
Though being an obvious conclusion, this aspect has nat site density in thé0'' cm~2 range [9]. The inhomoge-
yet been explicitly elaborated. neous width of the HH exciton absorption band (see inset

In this Letter we present a study of the exciton spinFig. 2) is 8.8 meV (FWHM). Figure 1 depicts the polar-
dynamics in ternary QW'’s, using in the experimental partization decay at the HH exciton line center, taken from
(Zn,Cd)Se/ZnSe. In comparison with Ga48Ga Al)As  time-integrated DFWM measurements for a set of pulse
QW’s, on which most of the previous work has been donefluxes¢. The latter allows the definition of the low-density
[I-VI structures offer a number of advantages. First, the
big exciton binding energy allows one to tolerate a larger
disorder-induced inhomogeneous broadening of the exci-
ton without affecting the internal electron-hole relative
motion. Second, the electron-hole exchange interaction
is distinctly stronger, enabling thus a direct spectral mea-
surement of the characteristic energies involved in the
spin relaxation. Third, exciton and biexciton transitions
are well separated as the result of the larger biexciton
binding energy.

The prototype(Zn, Cd)Se/ZnSe QW structure used in
the present study consists of 5 QW’s of 5 nm thickness
and a Cd mole fraction of 13%, separated by 85 nm wide
ZnSe barriers. Its excitonic properties are well known
from previous studies using various experimental tech-
niques [9]. The exciton and biexciton binding energies
are 33.6 and 10.0 meV, respectively. We have performed T
pump-probe and degenerated four-wave mixing (DFWM) 0 1 2 3 4 5
measurements. Intense 200 fs pulses from a Ti:Sa ,
oscillator-amplifier system generate a white-light con- delay time [ps]

tinuum, used as the probe beam, and pump an optic@|G. 1. Time-integrated DFWM transients at the HH exciton
parametric amplifier (OPA). The signal wave of the OPAline center for different densitieg, =~ 100 nJ/cn?).
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regime with an exciton dephasing timgbeing excitation-

density independent. The data yield a constant value of 1
7, = 14 ps for & < 200 nJ/cn?, controlled by scattering

on impurities or imperfections [10]. There is a slight vari- 1\
ation of 7, by a factor of 1.4 across the exciton band with - g
shorter times on the high-energy side. The homogeneous
exciton width I'po, = 2//7, of about100 peV is thus

2 orders of magnitude smaller than the inhomogeneous
broadening. On the other hand, the exciton binding en-
ergy is roughly 1 order of magnitude beyond the energy
scale of the disorder, justifying the in-plane localization in
terms of the exciton center-of-mass (c.m.) motion.

The HH exciton state consists of four levels with total
angular momentunh=1) and |%2), the latter being opti-
cally forbidden (dark excitons). The degeneracy between
the two angular momenta is lifted by the on-diagonal 2 3
electron-hole exchange interaction [11], shifting the op-
tically active states to higher energies. For the present o
(Zn,Cd)Se QW'’s, a splitting of 0.5 meV has been deduced 2
from magneto-optical data, while time-resolved photolu- ! ! ! | | ! |
minescence (PL) measurements have yielded that the con- -5 0 5 10 15 20 25
version of an allowed state in a dark exciton takes place
on the nanosecond time scale (at low temperature and no delay time [ps ]
magnetic f_ield) [12]. This Con\(ersion involves a Singl.e'FIG. 2. Difference of the nonlinear absorption in the™*
particle spin flip, commonly attributed to the hole, that is,5ng -+~ configurations (squares). Dashed line: Single-

from |=1) to |+2). In this Letter, we focus on the direct exponential decay according to the dephasing time of 14 ps for
exciton spin reversal, controlling the relaxation among thecomparison. Solid line: Fit according to the model described

optically allowed|+1) states. In time-resolved PL under in the text. Inset: Linear absorption.

resonant excitation, there is, however, no significant polar-

ization memory observable within the experimental timespin relaxation is apparently faster than the polarization
resolution of 10 ps. We have therefore performed nonlindephasing, defining the earliest scattering events of the
ear absorptiotiA ) measurements with sup-ps time reso-exciton. In what follows, we demonstrate that this is a
lution. The excitation level was adjusted in accordanceiirect consequence of disorder.

with the low-density regime of the DFWM study. The  Maialle et al. [4] have shown that the exciton spin flip
concept of the experiment is as follows: A" polar-  in QW's is related to the long-ranged part of the electron-
ized pump pulse prepares resonantly spin-up excitons afgle exchange interaction. The off-diagonal terfis

a small fraction(<10'” cm™?) of localization sites. Fora give rise to a coupling between the spin-up and spin-
o~ probe photon, the absorption of these sites is blockelown states. Thus, after preparing the system in a well-
(Aa = —ao), whereas stimulated emission occursdor  gefined spin state by a circularly polarized light pulse,
polarization(Aa = —2ay). Therefore, plotting the dif- the exciton spins start to precess coherently with a
ference of the nonlinear absorption signals in the WQ:gtain frequency. Scattering on phonons or impurities
polarization configurations versus pump-probe delay (Segyngomizes this precession so that the photoimprinted
Fig. 2), the degree of spin relaxation in the exciton syS+yerage spin vanishes more and more with increasing time
tem becomes directly visible. In addition to changes abgie excitation. In an ideal QW with full translational
the exciton resonance, we also observe pronounced iRymmetry perpendicular to the growth axis, a finite
duced absorption features due to biexcitons [13]. ASm_ (in-plane) momenturh on the exciton is required, as
already mentioned, they are clearly separated from the expe long-ranged exchange coupling is zerdat 0. In
citon absorption and have thus no misleading influence ofhe present case of spatially confined states, each exciton
the spin dynamics. The plot in Fig. 2 is for a dete_ctloncomprises a set ok vectors, distributed according to
energy on the low-energy exciton flank as marked in thgne Fourier transform® (k) of its c.m. wave function.
inset, where the linear absorption is depicted for referencerne coupling between spin-up and spin-down states for
In view of the 20 meV spectral pulse width, the excitation, giyen site is evaluated by averaging the matrix elements

is almost homogeneous across the site distribution. _ng the ideal QW [4] with this Fourier transform, providing
do not observe any substantial change of the transients

when tuning the detection over the absorption band. The H(Lil‘{) _3 Waslgols(O)IZAELTKg(ife) 1)
most striking feature of our finding is, however, that the 16 )
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(a,: bulk exciton Bohr radiusAEL1: bulk longitudinal-  diagonal exchange coupling manifests as an energy split-
transverse splittingyp,: QW wave function of electron- ting of #Q) between the optically allowed exciton states.
hole relative motion), where In high-resolution magneto-optical measurements [12], a
- £k mean value ofi) = 100 ,ge\/_ has been found for the
Ko = / d?k|p(k)|? —= (ky = iky)*. (2) present QW structures, yieldin)m, = 4. The actual
k spin response will thus critically depend on how this mean
(k* = ki + k) represents an effective c.m. momentum,value is distributed over the site ensemble, which is elabo-
characteristic of this site. The form factgi(k) [4] is  rated next. Our considerations are based on two main as-
approximated byf(0) = 1 in the explicit calculations sumptions. First, following Wilkinsoet al. [14], we use
presented below. We emphasize tkéfg vanishes for a for the random exciton c.m. potential the expression
radially symmetric site withb being a function ok only.
Solution of the Bloch equations yields, for the exciton net Vr) = f A’r'F(Ir — r'hw(r’), (5)
spin on a single site,
where the white noise functiom(r) with (w(r)) =0

S.(r) = 1 [(1 + L)e”/” and (w(r)w(r')y = 6(r — r') represents the QW alloy
2 77— = 74) disorder. A GaussiaR(r) = o exp(—r2/12)/J 122 is
n (1 _ TLT- )e"/“} 3) used for the convolution function. The two parameters are
(- — 74) the variancer and an effective correlation lengttof the

potential V. The second assumption is that the exciton

with the (complex) time constants i
c.m. wave function can be represented by the lowest

1 _ (1 + /1 — 40273) eigenfunctions of the minima of this potential, treated in
T+ 21 ’ harmonic approximation. Choosing local coordinates for
5202 = 4H(L+R)H(LE) 4) each minimum according to its principal axes, defined by

the directions with the largest and smallest second-order
In the limit 2Q 7, < 1, the spin transient is a sizngle- derivatives V. and V’, one finds

exponential decay with characteristic timg = 1/Q°7,

much longer thamr, (damping regime). Conversely, for Kgte = \/Kiife)K;;e) = M\/MEO/Ii2 %, (6)

2Q 7, > 1, oscillations of frequency) occur, weakly ex- 8 Eo

ponentially damped withrsg = 27, (oscillatory regime). whered E, andE, are the difference and sum of the zero-
None of these predictions, long spin relaxation timg  point energie€. = h/2 (V! /M)'/> (M = 0.6 my: exci-

or oscillating signal, are observed experimentally. In contion mass) of the two decoupled parabolas, respectively.
trast, our apparentsg is even about 2 times shorter than For a potential of type (5), using dimensionless units,
7,. However, the experimental data represent an avethe density of minima with energy = V /o and with
age over the ensemble of sites, each of which may haveecond-order derivative- = [>V// /o along the princi-

a different value of(). In the spectral domain, the off; pal axes is [14]

N eXp{_% [f2 * (f * #)2 * (%ﬂ} @

It allows one to calculate the density of sites with eX-the numerical evaluation provides th&t depends only
citon energyE = of + Ey and effective momentum smoothly ono in the relevant parameter range. This is
K = Kge, demonstrated by Fig. 3, whereis plotted for an exciton
. P energy in the absorption tail, using twe values above
P(QK) _ f ar [ df,N<E — Ey ,f+,f,> (A) and below(O) 8 meV. A prominent feature of these
o 0 0 o distributions is that a radially symmetric site occurs with
. very low probability, while the most likely geometry is
X O(K = Kiie).- ® K =2 X 10’ m™', that is,V”/V! ~ 0.6. The plots in
For evaluating this distribution, we uge= 9 nm for the  Fig. 3, as well as further numerical data for other exciton
correlation length obtained by equating the theoreticabnergies and/or reasonable variations of the correlation
density of minimal/(271?+/3) to the experimental site length, can be surprisingly well fitted by the empirical
density of 10'' cm™2. In the classical limit [14], the formula

8.8 meV absorption width corresponds to a variance of K 3/ Kk VA
o =~ 4 meV, which increases by about a factor of 2, when P(K) = —— exp{——( ) ]' 9)
guantum narrowing [15] is accounted for. However, this max S5 \Kmax

uncertainty is not essential in the present context, sincevhereK.x defines the position of the maximum.

2588



VOLUME 81, NUMBER 12 PHYSICAL REVIEW LETTERS 21 BPTEMBER1998

tally and theoretically that disorder in a QW may cause
an apparent very rapid spin decay, even faster than the
polarization dephasing. This decay, however, is not re-
o, lated to a real relaxation of the individual exciton spins,
0000000480000 but results from superposition of spin precessions with
0 2 6 different frequencies. It is thus clear that samples with
4 8 10 different disorder may exhibit largely varying spin tran-
effective c.m. momentum [107 m ] sients. Our explicit analysis is based on alloy disorder in

. o . a ternary QW. This kind of spin relaxation scenario is,
FIG. 3. Probability distribution of the effective c.m. mo- . . .
mentum for o = 6meV (O) and o — 10 meV (A) at an  NOWever, a general feature of excitons in structures with

exciton energyE = —1.5¢ in the absorption wingl = 9 nm).  Size or shape fluctuations (e.g., quantum dots) when the
Solid line: Empirical fit according to formula (9) used for the conditionI'y, > AQ > h/1, is met.

calculation of the total spin decay in Fig. 2 with the upper The authors thank Michael Rabe for growth of the
horizontal scale for the precession energy. The vertical I'n%amples. This work has been supported by the Deutsche

defines2Q 7, = 1. Hatched area marks those sites in the :
damping regime. Inset: Maximum of the distribution as aForSChungsgemelnschaﬂ (He 1939/11-1).

function of the correlation lengtli for otherwise unchanged
parameters.

5 10 15 20
correlation length [nm ]

exchange energy [ueV] larger value off means weaker localization in real space

and hence a less extended c.m. Fourier transfdxth).

Py 0 190 2?0 . 3|00 By this, the maximunK ., of the distribution function?

T : 3.0~ . . . is shifted to smallek, as quantitatively depicted in the

S o‘fg%o = inset of Fig. 3. For a given scattering time and QW

s Sl g 25 parameters, this increases the amount of sites in the damp-

2 Z ing regime so that the slow component becomes more

.S, kgz‘.o dominant in the total spin transients, whereas the oppo-

> site holds when the correlation length decreases.

= 1.8 In conclusion, we have demonstrated both experimen-
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