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Exciton Spin Relaxation in Semiconductor Quantum Wells: The Role of Disorder
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Ultrafast pulse measurements on high-qualitysZn, CddSeyZnSe quantum wells yield the very
surprising result that the decay of the exciton spin transients after resonant excitation with circularl
polarized light is even faster than the exciton dephasing time. We demonstrate that this fact
a direct consequence of (alloy) disorder which gives rise to a kind of inhomogeneous broadenin
and associated interference effects for spin dynamics across the band of localized exciton stat
[S0031-9007(98)07100-2]
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Below band-gap optical excitation of a semiconduct
by circularly polarized light creates excitons with defi
nite spin orientation. During recent years, much inte
est has been focused on the spin relaxation of excito
in quantum well (QW) structures [1–8]. However, de
spite these efforts, the understanding of the spin rev
sal in two dimensions is far from being complete. Th
numbers reported for the spin relaxation time are strong
sample dependent—even for QW’s of nominally the sam
design—and scatter between 1 and 220 ps. These div
gent findings suggest that disorder being an inherent f
ture of QW’s (alloy fluctuations, interface roughness, . .
plays an important role also in the exciton spin dynamic
Though being an obvious conclusion, this aspect has
yet been explicitly elaborated.

In this Letter we present a study of the exciton sp
dynamics in ternary QW’s, using in the experimental pa
sZn, CddSeyZnSe. In comparison with GaAsysGa, Al dAs
QW’s, on which most of the previous work has been don
II-VI structures offer a number of advantages. First, th
big exciton binding energy allows one to tolerate a larg
disorder-induced inhomogeneous broadening of the ex
ton without affecting the internal electron-hole relativ
motion. Second, the electron-hole exchange interact
is distinctly stronger, enabling thus a direct spectral me
surement of the characteristic energies involved in t
spin relaxation. Third, exciton and biexciton transition
are well separated as the result of the larger biexcit
binding energy.

The prototypesZn, CddSeyZnSe QW structure used in
the present study consists of 5 QW’s of 5 nm thickne
and a Cd mole fraction of 13%, separated by 85 nm wi
ZnSe barriers. Its excitonic properties are well know
from previous studies using various experimental tec
niques [9]. The exciton and biexciton binding energie
are 33.6 and 10.0 meV, respectively. We have perform
pump-probe and degenerated four-wave mixing (DFWM
measurements. Intense 200 fs pulses from a Ti:
oscillator-amplifier system generate a white-light con
tinuum, used as the probe beam, and pump an opti
parametric amplifier (OPA). The signal wave of the OP
0031-9007y98y81(12)y2586(4)$15.00
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was tuned to the heavy hole (HH) exciton resonance a
served as the pump beam as well as for the DFWM setu
The polarization control of the beams was better tha
100:1. All measurements were carried out atT ­ 5 K.

Before coming to the spin relaxation itself, we first
present data which are of importance for the later dis
cussion. Generally, in the presence of disorder, there
no translational symmetry in the QW plane. The exci
ton (as well as biexciton) energies exhibit a distribution
where each energy belongs to a certain in-plane locati
of the particle, referred to as “site” in what follows. In the
present case, characterized by a ternarysZn, CddSe QW, al-
loy fluctuations defining the main disorder source provid
a site density in the1011 cm22 range [9]. The inhomoge-
neous width of the HH exciton absorption band (see ins
Fig. 2) is 8.8 meV (FWHM). Figure 1 depicts the polar-
ization decay at the HH exciton line center, taken from
time-integrated DFWM measurements for a set of puls
fluxesj. The latter allows the definition of the low-density

FIG. 1. Time-integrated DFWM transients at the HH exciton
line center for different densitiessj0 ø 100 nJycm2d.
© 1998 The American Physical Society
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regime with an exciton dephasing timet2 being excitation-
density independent. The data yield a constant value
t2 ­ 14 ps for j , 200 nJycm2, controlled by scattering
on impurities or imperfections [10]. There is a slight vari
ation oft2 by a factor of 1.4 across the exciton band wit
shorter times on the high-energy side. The homogeneo
exciton width Ghom ­ 2h̄yt2 of about 100 meV is thus
2 orders of magnitude smaller than the inhomogeneo
broadening. On the other hand, the exciton binding e
ergy is roughly 1 order of magnitude beyond the energ
scale of the disorder, justifying the in-plane localization i
terms of the exciton center-of-mass (c.m.) motion.

The HH exciton state consists of four levels with tota
angular momentumj61l and j62l, the latter being opti-
cally forbidden (dark excitons). The degeneracy betwe
the two angular momenta is lifted by the on-diagona
electron-hole exchange interaction [11], shifting the op
tically active states to higher energies. For the prese
(Zn,Cd)Se QW’s, a splitting of 0.5 meV has been deduc
from magneto-optical data, while time-resolved photolu
minescence (PL) measurements have yielded that the c
version of an allowed state in a dark exciton takes pla
on the nanosecond time scale (at low temperature and
magnetic field) [12]. This conversion involves a single
particle spin flip, commonly attributed to the hole, that is
from j61l to j72l. In this Letter, we focus on the direct
exciton spin reversal, controlling the relaxation among th
optically allowedj61l states. In time-resolved PL unde
resonant excitation, there is, however, no significant pola
ization memory observable within the experimental tim
resolution of 10 ps. We have therefore performed nonli
ear absorptionsDad measurements with sup-ps time reso
lution. The excitation level was adjusted in accordanc
with the low-density regime of the DFWM study. The
concept of the experiment is as follows: As1 polar-
ized pump pulse prepares resonantly spin-up excitons
a small fractions,1010 cm22d of localization sites. For a
s2 probe photon, the absorption of these sites is block
sDa ­ 2a0d, whereas stimulated emission occurs fors1

polarizationsDa ­ 22a0d. Therefore, plotting the dif-
ference of the nonlinear absorption signals in the tw
polarization configurations versus pump-probe delay (s
Fig. 2), the degree of spin relaxation in the exciton sy
tem becomes directly visible. In addition to changes
the exciton resonance, we also observe pronounced
duced absorption features due to biexcitons [13]. A
already mentioned, they are clearly separated from the
citon absorption and have thus no misleading influence
the spin dynamics. The plot in Fig. 2 is for a detectio
energy on the low-energy exciton flank as marked in th
inset, where the linear absorption is depicted for referenc
In view of the 20 meV spectral pulse width, the excitatio
is almost homogeneous across the site distribution. W
do not observe any substantial change of the transie
when tuning the detection over the absorption band. T
most striking feature of our finding is, however, that th
of
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FIG. 2. Difference of the nonlinear absorption in thes1,1

and s1,2 configurations (squares). Dashed line: Single
exponential decay according to the dephasing time of 14 ps
comparison. Solid line: Fit according to the model describe
in the text. Inset: Linear absorption.

spin relaxation is apparently faster than the polarizati
dephasing, defining the earliest scattering events of
exciton. In what follows, we demonstrate that this is
direct consequence of disorder.

Maialle et al. [4] have shown that the exciton spin flip
in QW’s is related to the long-ranged part of the electro
hole exchange interaction. The off-diagonal termsH

s6d
LR

give rise to a coupling between the spin-up and spi
down states. Thus, after preparing the system in a we
defined spin state by a circularly polarized light puls
the exciton spins start to precess coherently with
certain frequency. Scattering on phonons or impuriti
randomizes this precession so that the photoimprint
average spin vanishes more and more with increasing ti
after excitation. In an ideal QW with full translationa
symmetry perpendicular to the growth axis, a finit
c.m. (in-plane) momentumk on the exciton is required, as
the long-ranged exchange coupling is zero atk ­ 0. In
the present case of spatially confined states, each exc
comprises a set ofk vectors, distributed according to
the Fourier transformFskd of its c.m. wave function.
The coupling between spin-up and spin-down states
a given site is evaluated by averaging the matrix eleme
of the ideal QW [4] with this Fourier transform, providing

H
s6d
LR ­

3
16

pa3
xjw1ss0dj2DELTK

s6d
site (1)
2587
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(ax : bulk exciton Bohr radius;DELT: bulk longitudinal-
transverse splitting;w1s: QW wave function of electron-
hole relative motion), where

K
s6d
site ­

Z
d2kjfskdj2

fskd
k

skx 6 ikyd2. (2)

sk2 ­ k2
x 1 k2

y d represents an effective c.m. momentum
characteristic of this site. The form factorfskd [4] is
approximated byfs0d ­ 1 in the explicit calculations
presented below. We emphasize thatK

s6d
site vanishes for a

radially symmetric site withF being a function ofk only.
Solution of the Bloch equations yields, for the exciton n
spin on a single site,

Szstd ­
1
2

∑µ
1 1

t1t2

t2st2 2 t1d

∂
e2tyt2

1

µ
1 2

t1t2

t2st2 2 t1d

∂
e2tyt1

∏
(3)

with the (complex) time constants

1
t6

­
1

2t2
s1 6

q
1 2 4V2t

2
2d ,

h̄2V2 ­ 4H
s1d
LR H

s2d
LR . (4)

In the limit 2Vt2 ø 1, the spin transient is a single
exponential decay with characteristic timetSR ­ 1yV2t2
much longer thant2 (damping regime). Conversely, fo
2Vt2 ¿ 1, oscillations of frequencyV occur, weakly ex-
ponentially damped withtSR ­ 2t2 (oscillatory regime).
None of these predictions, long spin relaxation timetSR
or oscillating signal, are observed experimentally. In co
trast, our apparenttSR is even about 2 times shorter tha
t2. However, the experimental data represent an av
age over the ensemble of sites, each of which may ha
a different value ofV. In the spectral domain, the off-
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diagonal exchange coupling manifests as an energy s
ting of h̄V between the optically allowed exciton state
In high-resolution magneto-optical measurements [12]
mean value ofh̄V # 100 meV has been found for the
present QW structures, yielding2Vt2 ø 4. The actual
spin response will thus critically depend on how this me
value is distributed over the site ensemble, which is ela
rated next. Our considerations are based on two main
sumptions. First, following Wilkinsonet al. [14], we use
for the random exciton c.m. potential the expression

V srd ­
Z

d2r0Fsjr 2 r0jdwsr0d , (5)

where the white noise functionwsrd with kwsrdl ­ 0
and kwsrdwsr0dl ­ dsr 2 r0d represents the QW alloy
disorder. A GaussianFsrd ­ s exps2r2yl2dy

p
p l2y2 is

used for the convolution function. The two parameters a
the variances and an effective correlation lengthl of the
potential V . The second assumption is that the excit
c.m. wave function can be represented by the low
eigenfunctions of the minima of this potential, treated
harmonic approximation. Choosing local coordinates
each minimum according to its principal axes, defined
the directions with the largest and smallest second-or
derivatives V00

1 and V00
2, one finds

Ksite ­

q
K

s1d
site K

s2d
site ­

3
p

p

8

q
ME0yh̄2 dE0

E0
, (6)

wheredE0 andE0 are the difference and sum of the zer
point energiesE6 ­ h̄y2 sV 00

6yMd1y2 (M ­ 0.6 m0: exci-
ton mass) of the two decoupled parabolas, respectiv
For a potential of type (5), using dimensionless uni
the density of minima with energyf ­ Vys and with
second-order derivativesf6 ­ l2V 00

6ys along the princi-
pal axes is [14]
Ns f, f1, f2d ­
f1f2s f1 2 f2d

16p2l2 exp

Ω
2

1
2

∑
f2 1

µ
f 1

f1 1 f2

2

∂2

1

µ
f1 2 f2

2

∂2∏æ
. (7)
s

h

n
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It allows one to calculate the density of sites with ex
citon energy E ­ sf 1 E0 and effective momentum
K ­ Ksite,

P

µ
E
s

, K

∂
­

Z `

0
df1

Z f1

0
df2N

µ
E 2 E0

s
, f1, f2

∂
3 dsK 2 Ksited . (8)

For evaluating this distribution, we usel ø 9 nm for the
correlation length obtained by equating the theoretic
density of minima1ys2pl2

p
3d to the experimental site

density of 1011 cm22. In the classical limit [14], the
8.8 meV absorption width corresponds to a variance
s ø 4 meV, which increases by about a factor of 2, whe
quantum narrowing [15] is accounted for. However, th
uncertainty is not essential in the present context, sin
-

al

of
n
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ce

the numerical evaluation provides thatP depends only
smoothly ons in the relevant parameter range. This i
demonstrated by Fig. 3, whereP is plotted for an exciton
energy in the absorption tail, using twos values above
snd and belowssd 8 meV. A prominent feature of these
distributions is that a radially symmetric site occurs wit
very low probability, while the most likely geometry is
K ø 2 3 107 m21, that is,V 00

2yV 00
1 ø 0.6. The plots in

Fig. 3, as well as further numerical data for other excito
energies and/or reasonable variations of the correlati
length, can be surprisingly well fitted by the empirica
formula

PsKd ­
K

K2
max

exp

Ω
2

3
5

µ
K

Kmax

∂5y3æ
, (9)

whereKmax defines the position of the maximum.
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FIG. 3. Probability distribution of the effective c.m. mo-
mentum for s ­ 6 meV ssd and s ­ 10 meV snd at an
exciton energyE ­ 21.5s in the absorption wingsl ­ 9 nmd.
Solid line: Empirical fit according to formula (9) used for the
calculation of the total spin decay in Fig. 2 with the uppe
horizontal scale for the precession energy. The vertical lin
defines 2Vt2 ­ 1. Hatched area marks those sites in th
damping regime. Inset: Maximum of the distribution as
function of the correlation lengthl for otherwise unchanged
parameters.

The distribution overK translates into a distribution
overV, representing a kind of inhomogeneous broadenin
for the spin precession. The decay of the total spin se
in the experiment is therefore a superposition of all singl
site transientsSzstd of given exciton energy weighted with
the relative occurrence of precession frequencyV among
these sites. The only free parameter left in our approa
is the QW prefactor in (1). When the longitudinal-
transverse splitting and the Bohr radius of ZnSe
adopted (DELT ­ 1.2 meV, ax ­ 4.5 nm), the best fit
of the experimental data (solid line in Fig. 2) is yielded
by a confinement factorpa3

xjw1ss0dj2 ø 8.3 nm ­ 1.8ax.
The distribution of precession energiesh̄V underlying
this fit is also depicted in Fig. 3. It is consistent with
the 100 meV average splitting in the spectral domain
mentioned above. On the vast majority of sites, the spin
in the oscillatory regime. However, since precessing wi
different frequencies, interferences between the vario
single transients produce a monotonous decay of the to
spin. The calculated overall signal resembles well th
experimental data, exhibiting an initial fast drop with a
subsequent slow tail, where the latter stems from tho
sites in the damping regime.

In the Cd mol fraction ranges,25%d, where a de-
scription in terms of uncorrelated disorder is justified fo
sZn,CddSeyZnSe QW’s, the site density and thus correla
tion length l do not vary substantially [9]. Generally, a
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larger value ofl means weaker localization in real space
and hence a less extended c.m. Fourier transformFskd.
By this, the maximumKmax of the distribution functionP
is shifted to smallerK, as quantitatively depicted in the
inset of Fig. 3. For a given scattering timet2 and QW
parameters, this increases the amount of sites in the dam
ing regime so that the slow component becomes mo
dominant in the total spin transients, whereas the opp
site holds when the correlation length decreases.

In conclusion, we have demonstrated both experime
tally and theoretically that disorder in a QW may caus
an apparent very rapid spin decay, even faster than t
polarization dephasing. This decay, however, is not re
lated to a real relaxation of the individual exciton spins
but results from superposition of spin precessions wit
different frequencies. It is thus clear that samples wit
different disorder may exhibit largely varying spin tran-
sients. Our explicit analysis is based on alloy disorder i
a ternary QW. This kind of spin relaxation scenario is
however, a general feature of excitons in structures wi
size or shape fluctuations (e.g., quantum dots) when t
conditionGin ¿ h̄V . h̄yt2 is met.
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