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Optical polarization relaxation in In ,Ga; _,As-based quantum wells:
Evidence of the interface symmetry-reduction effect
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We report on the measurement of the spin dynamics jG#n ,As-Al,In, _,As and InGa, _,As-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.
[S0163-182698)51540-9

It was recently realized that the local symmetry effectsnism (spin-flip collisions between degenerate states having
neglected in the classical envelope function the@T) of  the mixed heavy- and light-hole charagt@reviously con-
semiconductor heterostructures may play a significant role igidered in the literaturg® The extension of these calcula-
their electronic and optical properti€s® A single semicon-  tions to the conduction baflishows that interface inversion
ductor interface has th@,, point-group symmetry, in which asymmetry plays in this case a role quantitatively similar to
the in-plane direction$1,1,0 and(—1,1,0 are not equiva- that of the bulk inversion asymmetry and structure inversion
lent. In a nominally square quantum weQW), this asym- asymmetry(respectively, BIA and SIA
metry may be compensated or not, depending on the degree The purpose of this paper is to present an experimental
of symmetry of the consecutive interfaces. This leads to theomparison of spin dynamics measured in CA- and NCA-
overall D,q4 or C,, symmetries. The EFT Hamiltonian pos- QW'’s namely,(InGa)As-(Alln)As and(InGaAs-InP QW's,
sesses at least tli&,, symmetry, and is necessarily incorrect having equivalent parameters and quality. Both the raw data
from this point of view. In general, the consequences of EFTand their interpretation through simple rate equations reveal
oversymmetry are weak in heterostructures where the hostee essential role of interface symmetries in these phenom-
materials share a common atof@A-QW's), like GaAs- ena.

(AlGa)As or (GalnAs-(Alln)As. On the other hand, a huge  The two samples reported here are aQa _,As (113
“forbidden” optical anisotropy is usually observed in sys- A)-InP (100 A) 50-period multiquantum welMQW) (S1)
tems where the well and barrier have different anions andrown by metal-organic chemical-vapor deposition and a
cations (NCA-QW’s), like (InGa)As-InP (Ref. ) or InAs-  In,Ga,_,As (100 A)-Al,In,_,As (70 A) 50-period MQW
GaSh. The correct symmetries can be restored in the envé€S2 grown by conventional molecular beam epitd¥4BE).
lope function approach either by generalizing the interfacelhese state-of-the-art lattice-matched MQWSs form the intrin-
boundary conditiorfsor by a perturbative approach known sic region of pin diodes. They were characterized by various
as theHgr model® These theories are actually equivalent, optical experiments including polarization resolved transmis-
and explain the in-plane anisotropy by a coupling of thesion, photoluminescend®L), photoluminescence excitation
heavy- and light-hole states at the zone center. (PLE), and photocurrentPC) spectroscopy. Spin dynamics

A remarkable consequence of the symmetry reduction isvas investigated by a pump and probe absorption-saturation
that the interplay of zone-center mixing akgdependent experiment using a tunable fs laser consisting of a parametric
mixing due to the Luttinger Hamiltonian leads to a largeoscillator pumped by a Ti:Sapphire laser.
lifting of the parity degeneracy of the valence subband Relevant spectroscopic information is summarized on Fig.
dispersioné. These effects are most conveniently calculatedl that shows the PLE spectfgether with calculated band-
in the perturbative framework of thidgr model, where in-  to-band absorptionobtained in S2(a) and S1(b) with a
terface perturbation matrix elements and in-plane motion areow-power dc source. Tracg) shows the absorption in S1
treated on the same foot, following the “truncated basis” measured with the fs laser. The broadening of optical transi-
method® It follows that spin-relaxation phenoméhmust be  tions observed in the latter case can be entirely attributed to
strongly affected by the symmetry of interfaces: indeed, inthe spectral widt{10 me\) of the pulses, in the sense that
the D’yakonov-Perel(DP) mechanisn, the relaxation is convolution of curve(b) with the measured pulse spectrum
tightly linked to the lifting of parity degeneracy. Calculations [curve (d) in Fig. 1] exactly reproduces curvg). However,
for In,Ga,_,As-InP QW’s (Ref. 4 show that the main pro- significant bleaching of the excitons due to the strong exci-
cess in the valence band becomes the DP mechanism, andt&ion may occur simultaneously. Measurement of the optical
orders of magnitude faster than the Elliot-Yafet-like mecha-anisotropy** shows a relative absorption difference between
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e U FIG. 2. Optical saturation signals versus pump-probe delay in
- S1: InGaAs-InP 7 the 0,0, o,0_, and differential (diff) configurations(solid
3 y lines) for the NCA-QW S1, and corresponding calculati¢dstted
r . lines), with the spin-relaxation times as indicated. We #s€0.17,
- @ine= 0.3, 7ipc= 100 ps, andy.—= 1 ns. The inset shows a scheme of
. the experimental setup.

. pumped area. The interval between two pulses is 12 ns,
AR - PP which turns out to be much longer than any relaxation time
825 850 875 900 involved in these samples. The pump is chopped at low fre-
quency(225 H2, and the time integrated probe transmission
Energy (meV) is measured with conventional lock-in detection. By rotating
a M4 retardation plate, one can also measure directly the
spectra of samples S2race (a)] and S1[trace (b)] using a low- dr:fference ?etween thg+ ando- Satyratlonlggnacﬁ' The
power dc optical source. Trade) shows the optical absorption €€ signal$o, o, ando, o transmissionsl(, andl_),
obtained in S1 using the fs laser, which has the pulse line shapgd their differencpobtained at zero detunin@e., with the

illustrated by trace(d). Convolution of(b) and (d) gives a nearly ~Pulse peak wavelength resonant with the sample band gaps,
perfect fit of (c). 844 meV in S1 and 867 meV in $are shown in Figs. 2 and

3, together with theoretical fits discussed in the following.
the (—1,1,0 and(1,1,0 directions of 10% in the case of S1, The first and most significant result of these investigations
in the spectral range between the first heavy- and light-holé the order-of-magnitude difference in the time scales in-
transitionsH1-E1 andL1-E1l. Somewhat surprisingly, S2 is Volved in the two samples, despite the remarkable similarity
not perfectly isotropic but shows anisotropy about one ordeff the PLE spectra in Fig. 1. We have also investigated an-
of magnitude smaller than S1. The 20-meV band-gap differother InGa _,As-InP sample S3, having similar parameters
ence is mainly due to the difference in conduction-band offand quality, but grown by the gas-source MBE technique.
sets, 500 meV in S2 and 245 meV in S1. Due to compensa-
tion between the well width difference and offset difference, T T
the valence-band structures of the two samples are nearly the
same. Stark effect measurements by PC confirm the value of
the sample parameters. The dispersion of the Stark shifts is S
negligible, which puts an upper limit to residual doping in ‘g
the few 18° cm™2 range for both samples. 2

The low-temperaturé2 K) absorption-saturation experi- g
ment is sketched in the inset of Fig. 2. Polarization resolved ¢
experiments are subjected to a number of artifacts associated ®
with cryostat windows, imperfect/4 plates, etc. These ex-
perimental details have been quite carefully counterchecked
in the present experiments. &, circularly polarized pump
pulse (pulse duration 130 jsis focused on the sample, at D ey
nearly normal incidence. It saturates the absorption for this 0 500 1000
polarization at zero time delay, and then spin relaxation de- Time delay (picoseconds)
creases the saturation af. absorption, while increasing the
saturation of the opposite polarizatien . This is probed by FIG. 3. Same as Fig. 2, but for the CA-QW S2. We <0,
measuring the transmission of the delayed probe pulse that ig,.=0.3, 7,.= 100 ps, andrg.=1nm. Note that the time scale
much weaker and tightly focused in the middle of thediffers by nearly an order of magnitude from that of Fig. 1.

PSS T

FIG. 1. Low-temperaturd2 K) photoluminescence excitation
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Results in S1 and S3 are equivalent, which rules out théo the pulse maximum. For instance, evolution from the ini-
growth technique as a main cause. These observations agrié& nonthermal distribution to a cold Boltzmann distribution
qualitatively with the theoretical prediction of short spin- gives a;,=0.3. On the one hand, these simple exponentials
relaxation times in NCA-QW'$;'° and we shall further on form a very crude description of underlying physics, but on
discuss and discard alternative explanations. It is noteworththe other hand, they are the simplest approach to phenomena
that our observation of an anomalously short relaxation at 2hat necessarily occur during the investigated time scale. For-
Kin In,Ga _,As-InP QW's is perfectly consistent with pre- tunately, the signatures of the various contributions differ,
vious room-temperature investigations of GaAs@®d _,As  which allows a rapid convergence of the fitting procedure.
(Ref. 12 and InGa, _,As-InP (Ref. 13 QW's. The need for the factoB arises from the clear jump of the
In contrast with the simplicity of the experimental results, o, o_ signal in Fig. 2, which corresponds to finite depolar-
the physics of spin relaxation is extremely involved becausézation att=0. There are different contributions {8 the
many relaxation phenomena compete with spin-flip mechafirst one is the geometry of the experiment, with laser beams
nisms. In order to go further in the analysis of these data, it i;ot exactly normal to the sample surface. The small in-plane
necessary to make several simplifying assumptions, the hieprojection creates depolarized carriers. Numerical estimates
archy of which may change from one sample to another. Théead to very small3 (in the percent rangewhich depends
most delicate assumption here is to neglect the excitonic inaeither on the sample nor on the detuning. The second con-
teraction, which is supported by exciton screening in theribution comes from the heavy- and light-hole mixingkat
strong excitation regime used in the present experiment=0 which must exist in the NCA sample S1 in order to
Also, in view of Fig. Xc), this seems definitely a better ap- explain the 10% anisotropy of the optical absorption under
proximation than the opposite limit of discrete exciton stateslinear polarization. This sample-dependent contribution is
which would prevail in high-quality GaAs-AGa_,As small in the present case, less than a percent in S1 and of
QW's at low excitation:*® Yet, we always stay in the weak course zero in S2. The contribution dominating the acgial
saturation regime where the fraction of occupied states reis the most trivial one, that is the energetic overlap of the
mains smaller than 0.1. This is proved experimentally by theulse with the light-hole transition, which creates electrons
fact that the saturation signal is a small fractierD.1) of the  in the wrong polarization. We have estimated the corre-
transmitted probéthe absorption is 50%, so absorption andsponding8 from the PLE spectra and measured pulse line
transmission are equivaléntAlso, we make the common shape shown in Fig. 1. We fin=0.14 in S1, and3<0.03
assumption that the spin-conserving collision rate is muchin S2, which are in agreement with the fitted valge<7 and
larger than the spin-flip rate. In practice, this means that theero, respectively
initial coherence of the electron and hole population;in The data in Fig. 2 clearly involve two distinct time con-
space is destroyed in a time comparable with the pulse dwstants, a short on€l0 p9, which we attribute to hole spin
ration. Also, the evolution from the initial nonthermal carrier relaxation, and a longer on@5 p9 associated with elec-
distribution to a Maxwell distribution of hot carriers occurs trons. Theoretical curves using a single relaxation time yield
in a similarly short time scale. Conversely, cooling of thisa very poor fit. Population redistribution does not affect sig-
population down to the lattice temperature, which impliesnificantly the relaxation curves in this case, in the sense that
interaction with acoustical phonons, occurs on a longer timehe finite «;,.=0.3 and 7;,.=100 ps simply improve the
scale(typically 100 p3, shorter than spin relaxation in S2, quality of the fit at long delays. The fitted values are
and longer in S1. We insist that the spin-conserving collision=90 ps andrg'=20 ps. On the other hand, the data corre-
times in both samples are expected to be similar. With alkponding to S2Fig. 3 are best fitted with equivalent elec-
these approximations in mmt;l, one can d_escrlbe the measurg@n ad heavy-hole spin-relaxation time§= 7'=600 ps.
signalsl . andl_ with very simple equations: Relaxation curves are obviously affected by the population
ot redistribution, since the larger time scale allows for more
l=[(fe, +fu, )+ Bl J(1-aine Hne) e aec complete carrier thermalization, and partial recombination. It
et/ is noteworthy that “blind” fitting leads to nearly equal;,
l_=[(fe_+fu )+Bfe, (1~ aipe "Tic)je e, and 7, in the two samples. Furthermore, the valuergf is
in the expected range for a hot carrier thermalization time.
Detailed discussion of the evolution of these results with
increasing detuning is out of the scope of this paper, but
the general trendsinvestigated fromé=—3 meV up to 6
. meV) basically support our analysis: thgfactor in S1 and
fe =0.51+8)*0.51—p)e 2", S2 increases dramatically when moving the pulse towards
- higher energies, population redistribution plays a more
B is a creation factor measuring the initial polarizatisee  prominent role, while spin-relaxation times decrease slowly,
below), and TE and 7? the spin-flip times of electrons and both in S1 and S2. Conversely, negative detuning of a few
heavy holesaveraged over the actual energy distribution meV'’s tends to increase the spin-relaxation time, as carriers
Tqec IS @ time characteristic of the population decdlyis  closer to the zone center are probed.
includes thermalization in bound states or band tails, and Calculations using thélg model allow at least partial
recombinatioh and 7, a time characteristic of phenomena comparison of these results with theory. When spin degen-
contributing to increase the saturation signal by a coefficieneracy is lifted, the D’yakonov-Perel mechanism usually
(1— ajno) ~1, such as the thermalization of carriers created indominates spin relaxation. It is described by the simple for-
the upper energy edge of the pulse and redistributing closenula 1/er=0.5¢p(AE/ﬁ)2, whereAE is the spin splitting

where

fu =0.51xe 2/7%),
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andr, a momentum relaxation time. This relation shows thatgies, scattering center density, and competition with other
the shorter the collision time, the longer the spin-flip timg.  spin-relaxation mechanisms. As already mentioned, due to
is governed by the spin-conserving collisions, and to a goodarger conduction-band offset, S2 has a much larger electron
approximation,mETE=mH T';, wheremg | is the in-plane  confinement energ¢53 me\) than S1(36 me\j. The elec-
mass of the corresponding particle. For S1, our bandtron spin-flip rate due to Gén;_,As BIA should increase
structure calculations using values of the interface potentialgnearly'®!” with increasing electron confinement energy,
fitting the observed optical anisotropy give a conduction-while we observe the opposite trend. Similarly, the DP spin-
band spin splitting0.1 meV fork;=0.01 A™*) an order of  fiip time should increase with decreasing, which means
magnitude smaller than the heavy-hole diemeV for the  that the better the sample, the shorter the spin-flip time.
same value ok,). Both spin splittings are linear ik, . Al- Again, we observe the opposite trend, with the better quality
though thls calculation dogs nqt .take into account the BIASZ (using exciton linewidth as a measurshowing longer
contribution to electron spin splitting and therefore overesti-, pin relaxation. As far as valence band is concerned, we have

mates the electron spin-flip time, the qualitative trends an Iready mentioned that tHe1, L1, andH2 levels are nearly
the orders of magnitude are in fair agreement with our ob- .

; T ) B at the same energies in both samples. The Elliot-Yafet
servaEtlons. Usingry =100 fs, we indeed deduce'=30 ps mechanism that would prevail in the absencédgf--related
and7g =300 ps fork,=0.005 A~1, which corresponds to the

spin splitting would lead to the prediction of equivalent hole
averagek; for the zero detuning configuration. Including the pin sp g P a

BIA ibuti | : litt d bri spin relaxation in both samples. Hence, all the gqualitative
contribution to electron spin splitting would bring dependences deduced from classical analysis are opposite to
very close to the observed 90 ps. Conversely, for a CA-Q

: ) ) S he observed trends.
without band-bending, the hole spin relaxation time shoul

) In conclusion, a huge difference was observed in the spin
be governed by the slow Elliot-Yafet mechanf%and the ynamics of a CA-QW and a NCA-Qw having similar pa-
electron relaxation time by the DP mechanism associate

. NPT . Rt meters and overall quality. This experimental fact supports
with the sole BIA contributiort®” Hole spin relaxation time _the role of the interface symmetry-reduction effect, which

should be rather large, and electron spin-relaxation time S'%as until recently neglected in the envelope function theory.

n|f|'cantly longer than in an otherwise qu'valent NCA-QW. The results yield a fair agreement with the predictions of the
This clearly corresponds to our observations in S2. Hoe model
BF .

Although what precedes clearly shows that the predictions
of the Hgr model are in agreement with the observations, it We thank Dr. O. Krebs for a number of fruitful discus-
is interesting to go further and discard other possible explasions. A.L.C.T. was supported by FAPE®® Paulo, Bra-
nations based on existing differences in confinement eneil). L.V. was supported by NATO and DEPHENS).
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