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Optical polarization relaxation in In xGa12xAs-based quantum wells:
Evidence of the interface symmetry-reduction effect
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We report on the measurement of the spin dynamics in InxGa12xAs-AlxIn12xAs and InxGa12xAs-InP mul-
tiquantum wells, using a fs pump and probe experiment. We observe a large difference in the polarization
relaxation times, which confirms the recently predicted role of the interface symmetry reduction.
@S0163-1829~98!51540-8#
ct

e

gr
th
-
ct
F
os

e
s-
an

nv
c
n
nt
he

n

ge
n
te

a
s’

i

s
-
n
a

ing

-
n
to

ion

ntal
A-

ata
eal
om-

a

in-
us
is-

n
s
tion
tric

ig.
-

1
nsi-
d to
at
m

ci-
ical
en
It was recently realized that the local symmetry effe
neglected in the classical envelope function theory~EFT! of
semiconductor heterostructures may play a significant rol
their electronic and optical properties.1–3 A single semicon-
ductor interface has theC2v point-group symmetry, in which
the in-plane directions~1,1,0! and ~21,1,0! are not equiva-
lent. In a nominally square quantum well~QW!, this asym-
metry may be compensated or not, depending on the de
of symmetry of the consecutive interfaces. This leads to
overall D2d or C2v symmetries. The EFT Hamiltonian pos
sesses at least theC4v symmetry, and is necessarily incorre
from this point of view. In general, the consequences of E
oversymmetry are weak in heterostructures where the h
materials share a common atom~CA-QW’s!, like GaAs-
~AlGa!As or ~GaIn!As-~AlIn !As. On the other hand, a hug
‘‘forbidden’’ optical anisotropy is usually observed in sy
tems where the well and barrier have different anions
cations ~NCA-QW’s!, like ~InGa!As-InP ~Ref. 1! or InAs-
GaSb. The correct symmetries can be restored in the e
lope function approach either by generalizing the interfa
boundary conditions2 or by a perturbative approach know
as theHBF model.3 These theories are actually equivale
and explain the in-plane anisotropy by a coupling of t
heavy- and light-hole states at the zone center.

A remarkable consequence of the symmetry reductio
that the interplay of zone-center mixing andkt-dependent
mixing due to the Luttinger Hamiltonian leads to a lar
lifting of the parity degeneracy of the valence subba
dispersions.4 These effects are most conveniently calcula
in the perturbative framework of theHBF model, where in-
terface perturbation matrix elements and in-plane motion
treated on the same foot, following the ‘‘truncated basi
method.5 It follows that spin-relaxation phenomena6 must be
strongly affected by the symmetry of interfaces: indeed,
the D’yakonov-Perel~DP! mechanism,7 the relaxation is
tightly linked to the lifting of parity degeneracy. Calculation
for InxGa12xAs-InP QW’s ~Ref. 4! show that the main pro
cess in the valence band becomes the DP mechanism, a
orders of magnitude faster than the Elliot-Yafet-like mech
PRB 580163-1829/98/58~16!/10179~4!/$15.00
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nism ~spin-flip collisions between degenerate states hav
the mixed heavy- and light-hole character! previously con-
sidered in the literature.8,9 The extension of these calcula
tions to the conduction band10 shows that interface inversio
asymmetry plays in this case a role quantitatively similar
that of the bulk inversion asymmetry and structure invers
asymmetry~respectively, BIA and SIA!.

The purpose of this paper is to present an experime
comparison of spin dynamics measured in CA- and NC
QW’s namely,~InGa!As-~AlIn !As and~InGa!As-InP QW’s,
having equivalent parameters and quality. Both the raw d
and their interpretation through simple rate equations rev
the essential role of interface symmetries in these phen
ena.

The two samples reported here are a InxGa12xAs ~113
Å!-InP ~100 Å! 50-period multiquantum well~MQW! ~S1!
grown by metal-organic chemical-vapor deposition and
InxGa12xAs ~100 Å!-Al xIn12xAs ~70 Å! 50-period MQW
~S2! grown by conventional molecular beam epitaxy~MBE!.
These state-of-the-art lattice-matched MQWs form the intr
sic region of pin diodes. They were characterized by vario
optical experiments including polarization resolved transm
sion, photoluminescence~PL!, photoluminescence excitatio
~PLE!, and photocurrent~PC! spectroscopy. Spin dynamic
was investigated by a pump and probe absorption-satura
experiment using a tunable fs laser consisting of a parame
oscillator pumped by a Ti:Sapphire laser.

Relevant spectroscopic information is summarized on F
1 that shows the PLE spectra~together with calculated band
to-band absorption! obtained in S2~a! and S1~b! with a
low-power dc source. Trace~c! shows the absorption in S
measured with the fs laser. The broadening of optical tra
tions observed in the latter case can be entirely attribute
the spectral width~10 meV! of the pulses, in the sense th
convolution of curve~b! with the measured pulse spectru
@curve~d! in Fig. 1# exactly reproduces curve~c!. However,
significant bleaching of the excitons due to the strong ex
tation may occur simultaneously. Measurement of the opt
anisotropy1,11 shows a relative absorption difference betwe
R10 179 © 1998 The American Physical Society
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the ~21,1,0! and~1,1,0! directions of 10% in the case of S1
in the spectral range between the first heavy- and light-h
transitionsH1-E1 andL1-E1. Somewhat surprisingly, S2 i
not perfectly isotropic but shows anisotropy about one or
of magnitude smaller than S1. The 20-meV band-gap dif
ence is mainly due to the difference in conduction-band o
sets, 500 meV in S2 and 245 meV in S1. Due to compen
tion between the well width difference and offset differenc
the valence-band structures of the two samples are nearl
same. Stark effect measurements by PC confirm the valu
the sample parameters. The dispersion of the Stark shif
negligible, which puts an upper limit to residual doping
the few 1015 cm23 range for both samples.

The low-temperature~2 K! absorption-saturation exper
ment is sketched in the inset of Fig. 2. Polarization resol
experiments are subjected to a number of artifacts assoc
with cryostat windows, imperfectl/4 plates, etc. These ex
perimental details have been quite carefully counterchec
in the present experiments. As1 circularly polarized pump
pulse ~pulse duration 130 fs! is focused on the sample, a
nearly normal incidence. It saturates the absorption for
polarization at zero time delay, and then spin relaxation
creases the saturation ofs1 absorption, while increasing th
saturation of the opposite polarizations2 . This is probed by
measuring the transmission of the delayed probe pulse th
much weaker and tightly focused in the middle of t

FIG. 1. Low-temperature~2 K! photoluminescence excitatio
spectra of samples S2@trace ~a!# and S1@trace ~b!# using a low-
power dc optical source. Trace~c! shows the optical absorptio
obtained in S1 using the fs laser, which has the pulse line sh
illustrated by trace~d!. Convolution of~b! and ~d! gives a nearly
perfect fit of ~c!.
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pumped area. The interval between two pulses is 12
which turns out to be much longer than any relaxation ti
involved in these samples. The pump is chopped at low
quency~225 Hz!, and the time integrated probe transmissi
is measured with conventional lock-in detection. By rotati
a l/4 retardation plate, one can also measure directly
difference between thes1 and s2 saturation signals. The
three signals@s1s1 ands1s2 transmissions (I 1 and I 2),
and their difference# obtained at zero detuning~i.e., with the
pulse peak wavelength resonant with the sample band g
844 meV in S1 and 867 meV in S2! are shown in Figs. 2 and
3, together with theoretical fits discussed in the following

The first and most significant result of these investigatio
is the order-of-magnitude difference in the time scales
volved in the two samples, despite the remarkable simila
of the PLE spectra in Fig. 1. We have also investigated
other InxGa12xAs-InP sample S3, having similar paramete
and quality, but grown by the gas-source MBE techniq

pe

FIG. 2. Optical saturation signals versus pump-probe delay
the s1s1 , s1s2 , and differential ~diff ! configurations~solid
lines! for the NCA-QW S1, and corresponding calculations~dotted
lines!, with the spin-relaxation times as indicated. We useb50.17,
a inc50.3,t inc5100 ps, andtdec51 ns. The inset shows a scheme
the experimental setup.

FIG. 3. Same as Fig. 2, but for the CA-QW S2. We useb50,
a inc50.3, t inc5100 ps, andtdec51 nm. Note that the time scale
differs by nearly an order of magnitude from that of Fig. 1.
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Results in S1 and S3 are equivalent, which rules out
growth technique as a main cause. These observations a
qualitatively with the theoretical prediction of short spi
relaxation times in NCA-QW’s,4,10 and we shall further on
discuss and discard alternative explanations. It is notewo
that our observation of an anomalously short relaxation a
K in InxGa12xAs-InP QW’s is perfectly consistent with pre
vious room-temperature investigations of GaAs-AlxGa12xAs
~Ref. 12! and InxGa12xAs-InP ~Ref. 13! QW’s.

In contrast with the simplicity of the experimental resul
the physics of spin relaxation is extremely involved beca
many relaxation phenomena compete with spin-flip mec
nisms. In order to go further in the analysis of these data,
necessary to make several simplifying assumptions, the h
archy of which may change from one sample to another.
most delicate assumption here is to neglect the excitonic
teraction, which is supported by exciton screening in
strong excitation regime used in the present experim
Also, in view of Fig. 1~c!, this seems definitely a better ap
proximation than the opposite limit of discrete exciton stat
which would prevail in high-quality GaAs-AlxGa12xAs
QW’s at low excitation.14,15Yet, we always stay in the wea
saturation regime where the fraction of occupied states
mains smaller than 0.1. This is proved experimentally by
fact that the saturation signal is a small fraction~,0.1! of the
transmitted probe~the absorption is 50%, so absorption a
transmission are equivalent!. Also, we make the common
assumption that the spin-conserving collision rate is m
larger than the spin-flip rate. In practice, this means that
initial coherence of the electron and hole populations inkt
space is destroyed in a time comparable with the pulse
ration. Also, the evolution from the initial nonthermal carri
distribution to a Maxwell distribution of hot carriers occu
in a similarly short time scale. Conversely, cooling of th
population down to the lattice temperature, which impl
interaction with acoustical phonons, occurs on a longer t
scale~typically 100 ps!, shorter than spin relaxation in S2
and longer in S1. We insist that the spin-conserving collis
times in both samples are expected to be similar. With
these approximations in mind, one can describe the meas
signalsI 1 and I 2 with very simple equations:

I 15@~ f E1
1 f H1

!1b f E2
#~12a ince

2t/t inc!e2t/tdec

I 25@~ f E2
1 f H2

!1b f E1
#~12a ince

2t/t inc!e2t/tdec,

where

f H6
50.5~16e22t/ts

H
!,

f E6
50.5~11b!60.5~12b!e22t/ts

E
.

b is a creation factor measuring the initial polarization~see
below!, and ts

E and ts
H the spin-flip times of electrons an

heavy holes~averaged over the actual energy distributio!.
tdec is a time characteristic of the population decay~this
includes thermalization in bound states or band tails,
recombination! and t inc a time characteristic of phenomen
contributing to increase the saturation signal by a coeffic
(12a inc)

21, such as the thermalization of carriers created
the upper energy edge of the pulse and redistributing clo
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to the pulse maximum. For instance, evolution from the i
tial nonthermal distribution to a cold Boltzmann distributio
givesa inc50.3. On the one hand, these simple exponent
form a very crude description of underlying physics, but
the other hand, they are the simplest approach to phenom
that necessarily occur during the investigated time scale. F
tunately, the signatures of the various contributions diff
which allows a rapid convergence of the fitting procedu
The need for the factorb arises from the clear jump of th
s1s2 signal in Fig. 2, which corresponds to finite depola
ization at t50. There are different contributions tob: the
first one is the geometry of the experiment, with laser bea
not exactly normal to the sample surface. The small in-pla
projection creates depolarized carriers. Numerical estim
lead to very smallb ~in the percent range!, which depends
neither on the sample nor on the detuning. The second c
tribution comes from the heavy- and light-hole mixing atkt
50 which must exist in the NCA sample S1 in order
explain the 10% anisotropy of the optical absorption un
linear polarization. This sample-dependent contribution
small in the present case, less than a percent in S1 an
course zero in S2. The contribution dominating the actuab
is the most trivial one, that is the energetic overlap of t
pulse with the light-hole transition, which creates electro
in the wrong polarization. We have estimated the cor
spondingb from the PLE spectra and measured pulse l
shape shown in Fig. 1. We findb50.14 in S1, andb,0.03
in S2, which are in agreement with the fitted values~0.17 and
zero, respectively!.

The data in Fig. 2 clearly involve two distinct time con
stants, a short one~10 ps!, which we attribute to hole spin
relaxation, and a longer one~45 ps! associated with elec
trons. Theoretical curves using a single relaxation time yi
a very poor fit. Population redistribution does not affect s
nificantly the relaxation curves in this case, in the sense
the finite a inc50.3 and t inc5100 ps simply improve the
quality of the fit at long delays. The fitted values arets

E

590 ps andts
H520 ps. On the other hand, the data cor

sponding to S2~Fig. 3! are best fitted with equivalent elec
tron ad heavy-hole spin-relaxation timests

E5ts
H5600 ps.

Relaxation curves are obviously affected by the populat
redistribution, since the larger time scale allows for mo
complete carrier thermalization, and partial recombination
is noteworthy that ‘‘blind’’ fitting leads to nearly equala inc
andt inc in the two samples. Furthermore, the value oft inc is
in the expected range for a hot carrier thermalization tim
Detailed discussion of the evolution of these results w
increasing detuningd is out of the scope of this paper, bu
the general trends~investigated fromd523 meV up to 6
meV! basically support our analysis: theb factor in S1 and
S2 increases dramatically when moving the pulse towa
higher energies, population redistribution plays a mo
prominent role, while spin-relaxation times decrease slow
both in S1 and S2. Conversely, negative detuning of a
meV’s tends to increase the spin-relaxation time, as carr
closer to the zone center are probed.

Calculations using theHBF model allow at least partia
comparison of these results with theory. When spin deg
eracy is lifted, the D’yakonov-Perel mechanism usua
dominates spin relaxation. It is described by the simple f
mula 1/tDP50.5tp(DE/\)2, whereDE is the spin splitting
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andtp a momentum relaxation time. This relation shows th
the shorter the collision time, the longer the spin-flip time.tp
is governed by the spin-conserving collisions, and to a g
approximation,mEtp

E5mHtp
H , where mE,H is the in-plane

mass of the corresponding particle. For S1, our ba
structure calculations using values of the interface poten
fitting the observed optical anisotropy give a conductio
band spin splitting~0.1 meV forkt50.01 Å21) an order of
magnitude smaller than the heavy-hole one~1 meV for the
same value ofkt). Both spin splittings are linear inkt . Al-
though this calculation does not take into account the B
contribution to electron spin splitting and therefore overe
mates the electron spin-flip time, the qualitative trends a
the orders of magnitude are in fair agreement with our
servations. Usingtp

H5100 fs, we indeed deducets
H530 ps

andts
E5300 ps forkt50.005 Å21, which corresponds to the

averagekt for the zero detuning configuration. Including th
BIA contribution to electron spin splitting would bringts

E

very close to the observed 90 ps. Conversely, for a CA-Q
without band-bending, the hole spin relaxation time sho
be governed by the slow Elliot-Yafet mechanism8,9 and the
electron relaxation time by the DP mechanism associa
with the sole BIA contribution.16,17Hole spin relaxation time
should be rather large, and electron spin-relaxation time
nificantly longer than in an otherwise equivalent NCA-QW
This clearly corresponds to our observations in S2.

Although what precedes clearly shows that the predicti
of the HBF model are in agreement with the observations
is interesting to go further and discard other possible ex
nations based on existing differences in confinement e
.
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gies, scattering center density, and competition with ot
spin-relaxation mechanisms. As already mentioned, due
larger conduction-band offset, S2 has a much larger elec
confinement energy~53 meV! than S1~36 meV!. The elec-
tron spin-flip rate due to GaxIn12xAs BIA should increase
linearly16,17 with increasing electron confinement energ
while we observe the opposite trend. Similarly, the DP sp
flip time should increase with decreasingtp , which means
that the better the sample, the shorter the spin-flip tim
Again, we observe the opposite trend, with the better qua
S2 ~using exciton linewidth as a measure! showing longer
spin relaxation. As far as valence band is concerned, we h
already mentioned that theH1, L1, andH2 levels are nearly
at the same energies in both samples. The Elliot-Ya
mechanism that would prevail in the absence ofHBF-related
spin splitting would lead to the prediction of equivalent ho
spin relaxation in both samples. Hence, all the qualitat
dependences deduced from classical analysis are oppos
the observed trends.

In conclusion, a huge difference was observed in the s
dynamics of a CA-QW and a NCA-Qw having similar p
rameters and overall quality. This experimental fact suppo
the role of the interface symmetry-reduction effect, whi
was until recently neglected in the envelope function theo
The results yield a fair agreement with the predictions of
HBF model.
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