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Spin relaxation in GaAsÕAl xGa1ÀxAs quantum wells
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Spin dynamics of photoexcited carriers in GaAs/AlxGa12xAs quantum wells have been investigated in a
wafer containing twelve different single quantum wells, allowing full investigation of well-width and tempera-
ture dependences with minimal accidental variations due to growth conditions. The behavior at low tempera-
tures is dominated by excitonic effects, confirming results described in detail by others. Between 50 and 90 K
there is a transition from excitonic to free-carrier-dominated behavior; both the temperature and time scale of
the transition are in excellent agreement with a theoretical model for exciton dissociation. Above 90 K we find
two-component spin decays consisting of an unresolved component~faster than 2 ps! associated with exciton
dissociation and hole spin-relaxation and a longer-lived component that yields the electron spin-relaxation
time. In the free-carrier regime, the electron spin-relaxation rate in wide wells follows that for bulk GaAs,
which varies approximately asT2. For narrow wells the rate is approximately independent of temperature and
varies quadratically with confinement energy. This behavior is consistent with dominance of the D’yakonov-
Perel mechanism of electron-spin relaxation and the expected behavior of the electron mobility. The data show
evidence of the influence of electron scattering by interface roughness.
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I. INTRODUCTION

The understanding and control of spin relaxation of el
trons, holes, and excitons in quantum wells are interes
because of the variety of competing mechanisms and
cause of potential applications such as optical switchin1,2

and polarization control in vertical cavity surface emittin
lasers~VCSEL’s!,3 where picosecond spin relaxation is d
sirable, and in spin electronics4,5 and quantum computing,6

where long spin-relaxation times are required. In this pa
we describe time-resolved pump-probe measurements
spin-relaxation and photocarrier population dynamics in
doped GaAs/AlxGa12xAs quantum wells. Previous exper
mental work has concentrated mainly on the low-tempera
region (T<50 K! where excitonic effects are dominant.7–12

Here we are concerned principally with the transition fro
this low-temperature excitonic regime to the hig
temperature regime where free-electron and hole spin re
ation is important and with temperature and well-width d
pendences in the high-temperature regime. Our results
the low-temperature regime are consistent with previous
vestigations.

Spin relaxation is strongly influenced by momentum sc
tering, which may vary unpredictably between samples. I
therefore useful to look at groups of samples with simi
growth characteristics. In previous work13 we reported trends
in the electron spin-relaxation rate with confinement ene
at room temperaturein a group of samples that were grow
sequentially in the same molecular beam epitaxy~MBE! ma-
chine and assessed the variation displayed by samples fr
variety of other sources. Tackeuchi, Nishikawa, and Wad14

have measured electron-spin-relaxation times at room t
perature in samples containing single quantum wells wh
thickness varied across the sample, allowing examinatio
a small range of well widths without complications fro
accidental differences between samples. Here we have e
PRB 620163-1829/2000/62~19!/13034~6!/$15.00
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ined quantum wells of thickness from 3 to 20 nm contain
within a single wafer and have measured the tempera
dependence of the spin relaxation in the free-carrier regi
The results thus cover a significantly wider range than p
vious work and should be free of sample-sample variatio
This is crucial in identifying the dominant spin-relaxatio
mechanism. In addition we reveal clearly the transition fro
excitonic low-temperature spin-relaxation- to free-carri
dominated relaxation at high temperatures. The data for
electrons demonstrate strong enhancement of spin relaxa
by quantum confinement.

II. EXPERIMENTAL METHODS

The sample was grown by MBE on a semi-insulati
@100# substrate and consisted of a set of intrins
GaAs/Al0.35Ga0.65As single quantum wells of thickness vary
ing from 3 to 30 nm separated by 15-nm barriers with t
wider wells nearer the substrate and a 50-nm GaAs cap
layer. Between the substrate and the quantum wells there
a 1-mm GaAs buffer followed by a 20-period, 2.8-nm
GaAs/AlxGa12xAs superlattice. It has been characterized
cw spectroscopy, being sampleA in Ref. 15. The photolumi-
nescence widths are comparable to the Stokes shifts, w
vary from 5.2 meV in the 4-nm well to 0.02 meV in th
30-nm well. The interface roughness is found15 to be on a
length scale less than the exciton Bohr radiusaB;13 nm.

The population and spin dynamics were investigated
measurements of the intensity and polarization azimuth r
tion of a 2-ps optical probe pulse after reflection from t
sample following stimulation of the sample by a circular
polarized pump pulse. A schematic of the apparatus is sh
in Fig. 1. Pump and~delayed! probe pulses were of the sam
wavelength, derived from the same mode-locked tunea
Ti:sapphire laser, giving 2-ps pulses with an 80-MHz repe
13 034 ©2000 The American Physical Society
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PRB 62 13 035SPIN RELAXATION IN GaAs/AlxGa12xAs QUANTUM WELLS
tion frequency. They were tuned to the heavy-hole exci
resonance of the quantum well under investigation. T
pump beam was circularly polarized~polarizerP1) and me-
chanically chopped at;660 Hz(f 1), while the probe was
linearly polarized (P2). The average powers of pump an
probe beams were, respectively, 500 and 50mW, and they
were focused onto the sample with spot sizes 50 and 40mm
at 5° and 2° to normal incidence. The estimated pump e
tation density used in most of the measurements prese
here was 1010cm22/pulse; as described in Sec. IV, the de
sity dependence of spin-relaxation rates was observed t
very weak. The degree of circular polarization of the pum
light was greater than 0.95, which implies a similar init
degree of photocarrier spin polarization for excitation at
heavy-hole exciton.

After reflection from the sample the probe beam passe
a siliconp-i-n detector~PD1! via a Faraday modulator~FM!
and a linear polarizer (P3) crossed with theP2 polarizer.
The Faraday modulator produced;61022 rad of azimuth
rotation at 545 Hz (f 2). The output of detector PD1 wa
passed to lock-in amplifier 1, which was referenced at f
quency f 11 f 2 , thus giving an output proportional t
changes in probe azimuth induced by the pump. This will
referred to as thedifferencesignal and arises from differen
optical responses experienced by the left and right circul
polarized components of the linearly polarized probe. T
dominant process causing such circular birefringence is
unequal phase-space filling due to imbalance of popula
of opposite carrier spins induced by the circularly polariz
pump.16 The difference signal contains information on sp
relaxation as well as on population dynamics.

To obtain a measure of the total carrier density, indep
dent of differences of population of the spin states, detec
PD2 and PD3 sensed the intensity of the reflected and i
dent probe beams, respectively. Their two signals w
matched and subtracted in lock-in amplifier 2, referenced
the chopping frequencyf 1 , giving output sensitive to the

FIG. 1. Experimental setup. Pump and probe beams produ
by same mode-locked Ti:sapphire laser.C is the mechanical chop
per with frequencyf 15660 Hz, FM is the Faraday modulator wit
frequencyf 25545 Hz; P1 –P3 are polarizers; PD1–PD3 arep-i-n
photodetectors.
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pump-induced change in the reflectivity of the sample. T
will be referred to as thesumsignal and is also dominated b
the phase-space-filling effect of the pump-induced car
population.16 Compared to separate measurements of the
flectivity of the two circularly polarized components13 of the
probe, the azimuth rotation gives excellent signal-to-no
ratio and enables extraction of pure spin relaxation from
ratio of difference-to-sum signals. The reflection geome
avoids degradation of the quantum-well quality associa
with removal of the substrate. A disadvantage is that o
qualitative comparisons can be made between the ma
tudes of signals recorded at different temperatures~see Sec.
IV and Fig. 3! due to the complexity of the wavelength d
pendence of the signals, which is associated with the c
plexity of the linear reflectivity of multilayer samples.

III. CARRIER CONCENTRATIONS

Interpretation of temperature-dependent measurement
quires knowledge of the ratio of free-carrier pairs to excito
in the photoexcited population. Our experiments invol
resonant generation of excitons, so any free carriers mus
formed by exciton ionization and can only dominate the o
servations at delays greater than the ionization time an
temperatures where thermal equilibrium favors exciton d
sociation.

We have calculated the thermal equilibrium proportion
free electrons in the population as a function of excitat
density and temperature using the approach given in Ref.
and the results for a 10-nm GaAs quantum well~QW! are
shown in Fig. 2. Free electrons~and holes! dominate at low
excitation densities and high temperatures. At the excita
densities used in our experiments (N;1010cm22/pulse),
free carriers will be dominant at equilibrium down to abo
40 K. In fact, since the calculation neglects screening, wh
will tend to reduce the number of possible exciton states
high densities, it probably underestimates the equilibri
proportion of free carriers for a particular temperature a
excitation density.

ed

FIG. 2. Calculated thermal equilibrium carrier concentration
tio and exciton ionization time in an undoped 10-nm quantum w
Ne andNx are the electron and exciton concentrations and are
played for excitation densities of 109, 1010, and 1011 cm22. Note
the logarithmic scale for the ionization time.
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13 036 PRB 62A. MALINOWSKI et al.
Figure 2 also shows the calculated exciton ionization ti
as a function of temperature, again using the approach g
in Ref. 17. Ionization is assumed to proceed predomina
via exciton–LO-phonon interaction. At room temperature
calculated ionization time is;400 fs, close to measured va
ues for similar quantum wells;18 it is about 10 ps at 100 K
and increases very rapidly with falling temperature, reach
100 ps at about 50 K.

The conclusion is that in our experiment below about
K the carrier populations will not be in thermal equilibriu
during spin relaxation, which typically takes 10–100 p
Above this temperature, ionization is fast enough for the
havior to be dominated by free electrons and holes. Below
K, ionization is so slow that it can be neglected, and the s
relaxation, for resonant generation, will be purely exciton
Between 50 and 90 K we expect a transition region wh
thermal equilibrium, in which free carriers predominate,
established on a comparable time scale to spin relaxa
This transition region will not be significantly dependent
the quantum-well width and will be characterized by
buildup of effects associated with free carriers on the ti
scale of the ionization time~Fig. 2!. ~Neglect of acoustic
phonons may result in an overestimate of the ionization t
at low temperatures, but this will not significantly change t
conclusions.!

IV. RESULTS AND DISCUSSION

Figures 3~a! and 3~b! show normalized sum and differ
ence signals from a 10-nm well at various temperatures.
sum signal indicates the pump-induced change of reflecti
and the difference the probe polarization rotation. Note t

FIG. 3. Normalized plots of~a! sum and~b! difference signals
from the 10-nm quantum well at a variety of temperatures:i, 5.5 K;
ii , 40 K; iii , 55 K; iv, 70 K; v, 85 K; v i , 130 K; v i i , 200 K. For
temperatures greater than 40 K a nonzero background has bee
subtracted from the sum signals.~c! shows the ratio of the differ-
ence and sum signals at 5.5 K. The solid curve is a single expo
tial fit to the decay.
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the reflection-measurement technique allows only a qua
tive comparison of the magnitudes of signals between d
taken at different temperatures~see Sec. II!. Qualitatively
similar data were obtained from the wells of different thic
ness in this sample, and we have found similar behavior
variety of other samples grown independently.19 In addition,
in the present sample we have investigated the depend
on estimated pump excitation density between 109 and 3
31010cm22 at temperatures of 5, 55, 100, and 300 K and
not find significant variations. In previously reported expe
ments at room temperature we have demonstrated
electron-spin relaxation is unaffected by a background p
toexcited, unpolarized electron-hole concentrati
;1011cm22.13

At low temperature~5.5 K! the sum and difference signa
can be interpreted in terms of heavy-hole–exciton popula
dynamics in the low-density, noninteracting regime.7,8 The
sum shows a rapid fall from its initial peak over the first;20
ps followed by a longer decay, lasting several hundred pi
secords. This is similar to results of low-temperature lum
nescence experiments.8 The fast initial decay may be due t
thermalization of excitons to nonradiative large-k states out-
side the absorption linewidth and to exciton recombinatio8

and there may also be a contribution from exciton-exci
exchange interaction.11 The longer decay is assigned to r
combination of the thermalized exciton population, whi
slows down once most excitons have moved out of rad
tively coupled states. At 5.5 K the initial rise of the su
signal corresponds to the buildup of carrier population d
ing the finite duration of the pump pulse, which is then fo
lowed by a decay on a time scale that is long compared to
pulse width. The difference signal shows a markedly fas
overall decay as a result of spin relaxation as well as de
of the population. The ratio of the difference and sum sign
@Fig. 3~c!# yields a spin-relaxation time of;20 ps, consistent
with the spin relaxation due to the exciton exchan
mechanism.7,8 The more rapid rise of the difference sign
compared with the sum results from convolution of the pu
shape with the more rapid decay. At 40 K, the decays
qualitatively similar to those at 5.5 K; a two-component r
sponse is still visible in the sum signal but with faster init
decay, and the difference shows a more nearly single ex
nential decay. Again the rapid rising edges of the signals
40 K relative to the sum at 5.5 K is associated with fin
pulse width. We have not reinvestigated the excito
dominated regime~i.e., T<40 K) in detail for this sample,
but the results are at least qualitatively similar to those
ported elsewhere.8,11,16

At 55 K new behavior is observed~Fig. 3!; the sum signal
now has a very long-lived component, and a backgrou
~;20% of the total signal! appears at negative delay~sup-
pressed in Fig. 3!, which corresponds to carrier recombin
tion time comparable to the interpulse spacing of the lase20

Immediately following the pump pulse the sum signal sho
a weak maximum that is followed by a gradual increase w
rise time of about 22 ps approaching a new, nonzero va
At 70 K, the initial peak is barely discernible as an abru
rising edge and this is followed by a slower increase w
rise time of about 10 ps. The background has increase
;30% of the total signal. To interpret this behavior we no
that at these temperatures free carriers are expected to b

n-
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PRB 62 13 037SPIN RELAXATION IN GaAs/AlxGa12xAs QUANTUM WELLS
the absorption~and therefore change the reflectivity! ap-
proximately twice as effectively as excitons.21 Thus the ini-
tial peak followed by a gradual rise in the sum signal to
nonzero level represents the initial generation followed
ionization of excitons to free carriers, which then have li
times of many nanoseconds.20 The observed rise times ar
within a factor of 4 of the ionization times predicted in Se
III ~see Fig. 2!, which constitutes excellent agreement co
sidering the very strong predicted temperature dependenc
the ionization time.

Due to the complicated nature of the carrier dynam
between 50 and 90 K, we cannot unambiguously comb
sum and difference data to extract the spin-relaxation r
As we move to higher temperatures the transition to f
carriers becomes faster than our pulse duration, and we
serve a simple resolution-limited step in the sum signal. T
background level on the sum continues to increase with t
perature, representing;80% of the total signal at 200 K. A
temperatures above about 85 K the difference response
vides into an initial spike on the time scale of the pu
duration and a long-lived exponentially decaying compone
We interpret this in terms of exciton dissociation and fre
carrier spin relaxation.

Free-hole spin relaxation in bulk GaAs is fast~a few pi-
coseconds!, even at low temperature, due to thep-orbital
character of the valence bands, which leads to spin-orbit
mixture of the heavy- (mj56 3

2 ) and light-hole (mj56 1
2 )

states. In quantum wells, the heavy-hole–light-hole deg
eracy is lifted, strongly reducing the relaxation rate atk
50; hole-spin-relaxation times approaching 1 ns have b
recorded at low temperature in GaAs QW.22,23 In higher k
states there is progressive admixture of heavy- and light-h
bands that leads to a very strong dependence of the s
relaxation rate on kinetic energy and hence temperature
observed rate is less than 5 ps forT.50 K.22 It has also been
observed that hole-spin relaxation takes place on a subp
second time scale in type-II multiple quantum we
~MQW’s! at room temperature.24 We therefore expect that in
our samples hole-spin relaxation will be faster than our
perimental resolution~;2 ps! at temperaturesT.90 K. Con-
sequently the new long-lived component must be associ
with free-electron-spin relaxation while the initial spike com
bines the effects of free-hole-spin relaxation and exciton i
ization, which are expected to occur on a time scale tha
too short to be resolved. The long-lived component of
difference signal is well described by a single exponen
decay, which is an accurate measure of the pure elect
spin-relaxation time since the sum signal is effectively co
stant during the decay.

We investigated the electron-spin-relaxation rate for e
quantum well in the sample as a function of temperature
the range 90–300 K. Figure 4 shows a representative se
tion of the data. Also included is representative data fo
31016cm23 p-doped bulk GaAs.25 Although the experimen-
tal scatter is quite large, several conclusions can be dr
from the results. The two narrowest wells show little or
variation in spin-relaxation rate over the entire temperat
range. The rate for the 15-nm well is initially constant at lo
temperatures but tends to increase at higher temperat
approximating aT2 variation above 200 K~see line in Fig.
4!. For the 20-nm well the rate increases asT2 over the
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whole temperature range. The rates for the two wider w
are essentially the same above 200 K.

This behavior is consistent with predictions for th
D’Yakonov-Kachorovski26 and D’Yakonov-Perel27 ~DP!
mechanisms for electron-spin relaxation in quantum-w
and bulk semiconductors. For the electron-momentum re
ation time tp and quantum confinement energyE1e , they
predict that the spin-relaxation rate will scale astpT3 in bulk
material and in quantum wells, whereE1e,kBT ~i.e., wide
wells at high temperatures!, and astpTE1e

2 in quantum wells,
whereE1e.kBT ~i.e., narrow wells at low temperatures!.

We do not have data ontp in this sample, but over much
of the temperature range 90–300 K we expecttp to be simi-
lar in both bulk and quantum-well material; phonon scatt
ing is likely to be the dominant source of scattering, w
lesser contributions from impurities, barrier alloy,28 and in-
terface roughness.29 Therefore the ratio of bulk to quantum
well spin relaxation rates should vary asT2, as is observed
experimentally above about 160 K. The constancy of rel
ation rates in narrow wells indicates aT21 dependence oftp
~and hence of electron mobility!. This is weaker than in the
best high-mobility heterojunction, but consistent with signi
cant contributions to the scattering in addition to that of ph
nons. At lower temperatures impurity and defect scatter
will become more significant andtp will therefore be differ-
ent in bulk and quantum wells, giving a bulk-to-quantum
well ratio which deviates fromT2 temperature dependenc
This is seen in Fig. 4 below 150 K where the quantum-w
rates, if anything, increase slightly, whereas the bulk cu
falls below theT2 line. At low temperatures, there are sig
nificant differences between spin-relaxation rates in differ
bulk samples,25 consistent with variations in mobility.

The alternative spin-relaxation mechanisms due to Ell
and Yaffet30 ~EY! and to Bir, Aharonov, and Pikus31 ~BAP!
each predict relaxation rates that are several orders of m
nitude too low to explain the observed values. They a
predict incorrect temperature and well-width dependenc

FIG. 4. Electron-spin-relaxation rate as a function of tempe
ture in GaAs/AlxGa12xAs quantum wells of a variety of widths
The solid line represents a quadratic dependence of relaxation
on temperature. The dashed curve is data on electron-
relaxation in bulk GaAs from Maruschaket al. ~as reproduced in
Ref. 25!.
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13 038 PRB 62A. MALINOWSKI et al.
The rate due to the EY mechanism scales astp
21T2 in both

bulk25,32 and quantum-well material,33 and to match this to
the observed data we would require the electron mobility
the sample to increase unrealistically with temperature.
BAP mechanism is not dependent on the electron mob
and is expected to have a relatively weak dependence
temperature in both quantum well and bulk.34,32 Therefore
the BAP mechanism appears to be inconsistent with the
served qualitatively different behavior in narrow and wi
wells.

We made more precise measurements of the elect
spin-relaxation rate at 300 K for each quantum well in t
sample. Figure 5 shows the data plotted against the elec
confinement energyE1e . The confinement energies were d
termined using low-temperature luminescence spectrosc
For low confinement energies (E1e,kBT) we see values o
ts

21 close to the bulk value 1.331010s21 ~Ref. 25!. As E1e

rises, we see an additional term in the relaxation rate w
quadratic dependence on confinement energy as predicte
the DP mechanism in quantum wells with constant mom
tum relaxation timetp . The solid curve is a fit to the data o
the form ts

215a1bE1e
2 . For the largest value of confine

ment energy~well width 3 nm! the relaxation rate turns
downwards, deviating strongly from the quadratic dep
dence, indicating additional momentum scattering. We h
previously observed similar behavior with a quadratic dep
dence on confinement energy but downward deviation
2.5-nm wells in a series of MQW samples.13 The fact that the
effect appears also in the present sample gives it added
nificance.

To explain the observed downturn of the spin-relaxat
rate requires a very strongly well-width-dependent scatte
mechanism. Interface roughness scattering should have a
ficiently strong well-width dependence. Sakakiet al.29 calcu-
lated anLz

26 dependence of electron mobility on well widt
due to this mechanism in a GaAs/AlAs QW. Hillme
Forched, and Tu28 have calculated the ambipolar mobility i
GaAs/AlxGa12xAs wells; they do not obtain a simple powe
law dependence, but the calculated well-width dependenc
strong enough to account for the low relaxation rate of
narrowest well. Scattering by interface roughness is m

FIG. 5. Electron-spin relaxation as a function of confinem
energy in GaAs/AlxGa12xAs quantum wells (T5300 K). The solid
curve is a best fit to the data of the formts

215a1bE1e
2 .
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efficient when the lateral scale of the roughness is of
same order as the wavelength of the electron, and therefo
strongly dependent on the growth conditions of the sam
This is consistent with the fact that some but not all sets
samples show a downturn of spin-relaxation rate for the n
rowest wells. In this sample the scale of the interface rou
ness is less than 13 nm,15 which should give efficient scat
tering of electrons with a thermal in-plane wavelength at 3
K. In contrast, scattering due to acoustic phonons is o
inversely proportional to well width, which is clearly to
weak a dependence to produce the observed results in na
wells.28 Barrier alloy scattering due to penetration of electr
wave functions into the barrier material is well-width depe
dent but does not become strong enough to reduce the
bility below its bulk value until a well width of about 2 nm i
reached.28

V. SUMMARY AND CONCLUSIONS

We have investigated spin relaxation of photoexcited c
riers in GaAs/AlxGa12xAs quantum wells as a function o
temperature and quantum-well width. At low temperatu
(T<50 K! the spin relaxation is dominated by excitonic e
fects, and the rate is enhanced compared to free carrier
electron-hole exchange interaction, consistent with previ
investigations.7,8 At temperatures between 50 and 90 K the
is a transition from excitonic to free-carrier-dominated b
havior that is well described by a model for thermal excit
dissociation.17 Thermal equilibrium conditions for exciton
dissociation would favor free carriers at considerably low
temperatures, but for resonant exciton generation the tra
tion is only observed when the exciton ionization rate, wh
varies very rapidly with temperature, becomes comparabl
the spin relaxation rates. In the range 90–300 K the data g
the free-electron-spin-relaxation rate. For narrow wells a
low temperatures (kT,E1e), this rate is independent of tem
perature, whereas for wider wells and higher temperatu
(kT.E1e) the rate becomes approximately proportional
T2 and is close to that of bulk GaAs. This behavior is ful
consistent with the D’Yakonov-Perel mechanism of electro
spin-relaxation.

The results emphasize the manner in which quantum c
finement dramatically enhances the spin-relaxation rate
electrons compared to bulk GaAs. In our sample at ro
temperature the enhancement appears to be limited by o
of interface roughness scattering. This might be removed
greater enhancement achieved by use of interrupted gro
techniques that give roughness with a greater length sc
The extreme enhancement would occur for electrons
weakly n-type material at liquid-helium temperatures whe
exciton effects are screened out. On the one hand, mea
ments ind-doped double heterostructures,34 type-II quantum
wells,35 and more recently4 on bulk GaAs have indicated
spin-relaxation times in excess of 25 ns, presumably limi
by the Elliot-Yafet processes. But, on the other hand,
data suggest spin-relaxation times of electrons in go
quality quantum wells will be in the range 50–500 ps, s
determined by the D’Yakonov-Perel mechanism. Poo
quality wells, with lower mobilities, will have longer spin
relaxation times. These findings are relevant to the desig
fast nonlinear optical spin switches and also to spin electr
ics where long relaxation times are desirable.
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