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The spin dynamics of an interwell exciton gas has been investigated in n-i-n GaAs/AlGaAs coupled
quantum wells. The time evolution kinetics of the interwell exciton photoluminescence has been measured
under resonant excitation of the 1s heavy-hole intrawell exciton, using a pulsed tunable laser. The formation of
a collective exciton phase in time and the temperature dependence of its spin relaxation rate have been studied.
The spin relaxation rate of the interwell excitons is strongly reduced in the collective phase. This observation
provides evidence for the coherence of the interwell exciton collective phase at temperatures below a critical
Tc. A theoretical analysis of the interwell exciton spin-flip dynamics has been developed.
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I. INTRODUCTION

Among the quasi-two-dimensional systems based on
semiconductor heterostructures, coupled quantum wells are
of particular interest because they may provide a spatial
separation of photoexcited electrons and holes in neighbor-
ing quantum wells.1 For example, in n-i-n type
GaAs/AlGaAs coupled quantum wells �CQWs� with tilted
bands due to bias application, excitons can be excited with
electron and hole confined in adjacent wells which are sepa-
rated by a tunneling barrier. These excitons are called spa-
tially indirect or interwell excitons �IEs�, different from the
direct intrawell excitons �DEs�, for which electron and hole
are located in the same QW. In contrast to DEs, IEs are long
lived because the wave functions of electron and hole over-
lap very weakly through the tunneling barrier. A large num-
ber of IEs can therefore easily be accumulated and this ex-
citon gas can be cooled down to rather low temperatures.
Various possible scenarios of collective behavior of a dense
system of spatially separated electrons and holes have been
considered theoretically.1–3 Further, there are already quite a
few reports on collective behavior of IEs upon reaching criti-
cal conditions �see Refs. 4–6�.

Earlier, we found that below a critical temperature the gas
of IEs in CQWs undergoes a phase-transition-like behavior
with increasing exciton density.7 Experimental findings such
as strong narrowing of the IEs photoluminescence �PL� line,
drastic increasing of its circular polarization degree, and high
sensitivity with respect to temperature have been associated
with the formation of an IE collective dielectric phase. Later
it was shown that if critical conditions are satisfied the IE
collective phase is most likely to occur in domain regions
with lateral confinement.8 According to our experiments the
condensation occurs at T�4 K for an average exciton con-
centration of nex�3�1010 cm−2.

A collective excitonic phase, corresponding to a macro-
scopic exciton occupation of the energetically lowest state in
the domain, should show spatial and temporal coherence.

This means that within the coherence length condensed ex-
citons are described by a joint wave function. Consequences
are not only an increase of the radiative decay rate of the
excitons, but also a reduction of the exciton spin relaxation
rate. Due to these features the opportunity for photoexcita-
tion of a spin-aligned collective IE phase might arise. In the
considered case the coherence length scale is expected to be
equal to the size of the localization domain, arising from
long-range potential fluctuations �around 1 �m in lateral
size�, in which IEs can be accumulated.

In the present paper we address in detail the IE spin dy-
namics by analyzing the circular polarization degree of their
PL after resonant pulsed laser photoexcitation. In addition to
our previous work,7 we have observed a further peculiarity
which is a strong argument for the coherence of the dense IE
gas, namely, a strong reduction of the spin relaxation rate
upon reaching critical conditions. We also provide a theoret-
ical modeling for the IE spin flip at low temperatures.

The paper is organized as follows. After describing the
CQW heterostructures being studied as well as the experi-
mental technique in Sec. II A, we describe in Sec. II B the
time evolution of the IE luminescence under conditions of
resonant pulsed laser excitation. A broad set of experimental
parameters �pump power, electrical bias, and temperature�
was varied. In Sec. III we discuss the theoretical analysis of
the IE spin relaxation rate. Finally, in the concluding Sec. IV
the spin relaxation data are discussed in relation to various
other properties of IEs observed in their luminescence spec-
tra. In particular, their critical behavior as function of optical
pumping and temperature is interpreted in terms of a collec-
tive behavior.

II. EXPERIMENT

A. Samples and experimental setup

We have investigated an n-i-n GaAs/AlGaAs heterostruc-
ture containing a GaAs/AlAs/GaAs CQW structure with a
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width of the GaAs wells of about 120 Å, and a width of the
AlAs barrier of about 11 Å. For details see Reference 3. The
IEs PL was excited by 120 fs laser pulses with a repetition
rate of 76 MHz. A holographic grating with optical slits has
been used for pulse shaping. The detection of the signal was
provided by a Hamamatsu streak camera �Model 5680-24�
with a Si charged-coupled device detector attached to a
0.5 m spectrometer �Acton SP-500i�. The system time reso-
lution was about 70 ps. For circular polarization analysis of
the PL signal under resonant photoexcitation we have used
linear polarizers and a quarter-wave retarder.

B. Experimental results

Figure 1�a� gives a contour plot of a streak camera image
of the PL emission from the studied CQWs. The horizontal
�vertical� axis gives energy �time�, while the brightness gives
the PL intensity. For data analysis this image has been pro-
filed either along the energy axis �Fig. 1�b�� or along the time
axis �Fig. 1�c��, resulting in time-resolved PL spectra and
energy-resolved PL decay curves, respectively. For spin ori-
entation of the IEs we used circularly polarized �for example,
�+� laser excitation resonant to the 1s heavy-hole �HH�
ground state of the DEs. The IE PL kinetics was measured
under these conditions for different temperatures and bias
voltages.

Earlier we had studied already the time evolution of PL
spectra.7 It was found that shortly after zero delay, the IE PL
is strongly circularly polarized �more than 60%�, following
the polarization of the exciting laser, and has a full width at
half maximum of about 3 meV. As the delay increases the
PL line narrows and shifts toward the long-wavelength part
of the spectrum. Within the first nanosecond after the laser

pulse, the IE PL line remains strongly circularly polarized
without any strong variations across the whole spectrum. At
later times only the high-energy part of the spectrum remains
polarized. For low temperature T=2 K the circular polariza-
tion of the PL disappears after 7 ns while at T above 6 K the
PL is unpolarized already after 3 ns.

In the present work we will concentrate on a detailed
investigation of the IE spin flip for varying temperatures. For
a quantitative analysis of the IE spin relaxation, the PL image
is profiled along the time axis, from which PL decay curves
for a fixed energy interval of 1 meV width are obtained.
Figure 2 gives the IE PL decay curves for �+ and �− circular
polarization �circular and square symbols, respectively� as
well as the decay of the corresponding circular polarization
degree �triangular symbols�, measured near the PL line maxi-
mum at different temperatures �vertical gray line in Fig.
1�a��. The maximum intensity of the IE PL line is reached for
delays of about 2 ns. We suggest that this time is necessary
for the formation of IEs upon resonant tunneling mainly of
electrons to the adjacent quantum well and relaxation in en-
ergy. We want to emphasize that qualitatively the same re-
sults are obtained for integration at different center energies
along the PL trace.

The spin relaxation time is the decay time of the circular
polarization degree. The circular polarization is defined as
�= �I�+ − I�−� / �I�+ + I�−�, where I�+,�− are the PL intensities
for �+ and �− polarization, respectively. From Fig. 2 it is
evident that � strongly depends on temperature.

We find that the spin relaxation dynamics can be de-
scribed by two time constants, an initial fast one and a de-
layed slow one �solid lines in Fig. 2 give corresponding
least-mean-square fits to the data using a biexponential decay
form�. The initial decay time �1 is very weakly temperature

FIG. 1. �a� Streak camera image of the PL
signal as result of excitation of the sample by a
short circularly polarized ��+� laser pulse �about
1 ps duration�. The brightness corresponds to the
PL intensity. The horizontal axis gives energy, the
vertical axis gives time. �b� Horizontal cut
through the image �as indicated by the corre-
sponding line in �a�� gives the PL spectrum at a
fixed time. �c� Vertical cut �as shown by the ver-
tical line in �a�� gives the PL kinetics at a fixed
wavelength. Arrows indicate signal from the DE
�1s HH� and the IE. The image was obtained for
a bias voltage U=0.65 V at T=1.85 K and an
excitation power of about 30 kW/cm2.
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dependent and amounts to about 0.35 ns �see Fig. 3�. In con-
trast, the slow decay time �2 which exceeds �1 by an order of
magnitude at low T drops by a factor of about 2 for tempera-
tures above 3.6 K. Up to 15 K no more significant change in
the temporal dynamics of the IE circular polarization degree
is observed. The same behavior occurs for another, slightly
smaller bias U=−0.55 V applied to the CQWs. These data
have been recorded at an excitation power of about
30 kW/cm2 leading to an IE concentration nex�3
�1010 cm−2. We have found that the strong reduction of spin
relaxation time �2 is quite sensitive to excitation power �see
Fig. 4�. At smaller and at bigger excitation power the tem-
perature boundary for the strong reduction of the spin relax-
ation time �2 shifts to lower temperatures. Note that the biex-
ponential spin-flip decay is observed in a rather narrow IE
concentration range: nex�1010–1011 cm−2.

Figure 5 shows the bias dependence of the spin relaxation
time at T=2 K. With increasing voltage up to about 0.6 V, �1
and �2 first monotonically increase and then do not change
up to 0.85 V, corresponding to about 22 meV splitting be-
tween the 1s HH and the IE. For higher bias, the spin relax-
ation process is described by a single relaxation time. From
Fig. 5 it can be seen that with increasing bias the time for

accumulation of IEs increases. This can be attributed to a rise
of the tunneling time. Therefore we suggest that for large
bias single-particle spin relaxation mechanisms may play a
determinative role, causing a mono exponential decay.

We have also measured the temperature dependence of
the circular polarization degree of the intrawell 1s HH exci-
ton luminescence. Its spin relaxation rate does not change in
the temperature interval from 2 to 15 K and is described by
a monoexponential decay with a time constant of about
180 ps. This result is in good agreement with Ref. 11, where
the exciton spin relaxation dynamics has been investigated in
great detail at low temperatures. The mechanism responsible

FIG. 2. Circular polarization resolved decay curves of the IE PL
��+, squares; �−, circles; corresponding to detection co- and cross-
polarized with the laser excitation, respectively� and its circular
polarization degree �triangles� measured at different temperatures
within the vertical gray line in Fig. 1, corresponding to a spectral
window of 1 meV for U=0.6 V and an excitation power of about
30 kW/cm2. Solid curves are biexponential fits to the circular po-
larization degree.

FIG. 3. Temperature dependence of spin relaxation times. Note
the break in the y axis. The circles give the fast, �1, and the slow, �2,
relaxation times at bias U=0.6 V, and the squares give the �1 and �2

times at U=0.55 V, both at an excitation power of about
30 kW/cm2. The arrow indicates the temperature where a strong
change of the spin relaxation rate �2

−1 occurs.

FIG. 4. Temperature dependence of the spin relaxation time �2

at different excitation powers and at U=0.6 V. Open circles corre-
spond to an excitation power of about 30 kW/cm2 leading to an IE
concentration nex�3�1010 cm−2. Squares and triangles correspond
to excitation powers of about 20 and 45 kW/cm2, respectively. The
arrows indicate the temperature region where a strong change of the
spin relaxation rate occurs. Lines are guides to the eye.
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for 1s HH exciton spin relaxation is the electron-hole ex-
change interaction. For CQW structures the carrier spin dy-
namics is more complicated. After the laser pulse several
processes may occur: electron tunneling to the adjacent
quantum well, energy and spin relaxation, IE formation, and
radiative annihilation. We suggest that the �1 time is due to
electron-hole exchange interaction within the 1s HH exciton,
while the �2 time characterizes the IE spin relaxation. Since
the wave function overlap integral is very small, the
electron-hole exchange interaction is also weak and the �2
time is much longer than the �1 time.

III. THEORETICAL DESCRIPTION OF IE SPIN
RELAXATION

The exciton kinetics including spin relaxation is governed
by the following processes: �1� electron spin flip within the
exciton with rate we, �2� hole spin flip within the exciton
with rate wh, �3� exciton spin flip due to electron-hole ex-
change with rate wEX for DEs and with rate wex for IEs, �4�
exciton radiative recombination with rate wR for DEs and
with rate wr for IEs, and �5� DE transformation into IEs due
to electron tunneling to the adjacent quantum well with rate
wk.

For modeling, we have used the equations derived in
Refs. 10 and 11. The concentrations of DEs, Ni

D, and IEs, Ni
I,

are described by the rate equations

d

dt
Ni

D = Fij
DNj

D − wkNi
D, �1�

d

dt
Ni

I = Fij
I Nj

I + wkNi
D, �2�

where the indices i , j=2,1 ,−1 ,−2 give the projection of the
exciton angular momentum onto the spin quantization axis

defined by the heterostructure growth direction. The exciton
angular momentum is the sum of the electron spin and the
hole angular momentum. States �±1� corresponding to i , j
=1,−1 are optically active �“bright”�, whereas states �±2�
corresponding to i , j=2,−2 are optically inactive states
�“dark”�.

These equations have to be solved for the boundary con-
ditions

N1
D = N0, Ni

D = 0, i � 1, Ni
I = 0.

The coefficients Fij
D/I are given by

Fij
D�I� = �

− �we
+ + wh

+� we
− wh

− 0

we
+ WD�I� wEX�ex� wh

+

wh
+ wEX�ex� WD�I� we

+

0 wh
− we

− − �we
+ + wh

+�
� .

�3�

The DE and IE spin-flip probabilities are

WD�I� = − 	 1

�R�r�
+ wEX�ex� + we

− + wh
−
 . �4�

The electron �hole� spin-flip rate inside the exciton is given
by

we�h�
± = −

we�h�

1 + e±�/kT , �5�

where �	0 is the energy splitting between the optically ac-
tive and the optically inactive states.

We assume that the hole spin flip time is much shorter
than all other times in our system. In this case the bright �±1�
and dark �
2� exciton concentrations are connected to each
other, depending on temperature T and exchange splitting �,

N±2 = N
1f��/kT�, f =
1 + e�/kT

1 + e−�/kT . �6�

This assumption allows one to take into consideration only
the bright excitons,

d

dt
Ni

D = Gij
DNj

D, �7�

with

N1
D = N0, Ni

D = 0, i = ± 1,

d

dt
Ni

I = Gij
I Nj

I + wkNi
D, �8�

with Ni
I=0. The coefficients Gij

D�I� are given by

Gij
D�I� = �− �wL�l� + wX�x�� wX�x�

wX�x� − �wL�l� + wX�x��
� . �9�

The influence of the dark �±2� excitons is comprised in the
effective annihilation rates wL ,wl and the spin relaxation
rates wX ,wx �effective times �L ,�l and �X ,�x� for DEs and
IEs, respectively,

FIG. 5. Bias dependencies of the spin relaxation times at T
=2 K and an excitation power of about 30 kW/cm2. Circles corre-
spond to the slow �2 relaxation times, open squares to the fast �1.
Full squares give the spin relaxation times � for high bias where a
monoexponential decay of the circular polarization degree is ob-
served. The dashed line indicates the boundary between the biex-
ponential and the monoexponential spin relaxation ranges.
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wL = wk + wR/�1 + f� ,

wl = wr/�1 + f� ,

wX = 2wEX/�1 + f� + 4we/�2 + e�/kT + e−�/kT� ,

wx = 2wex/�1 + f� + 4we/�2 + e�/kT + e−�/kT� . �10�

To compare these results with the experimental data it is
necessary to determine the time dependence of the exciton
concentration of the bright states and of their spin polariza-
tion degree:

N±1�t� =
1

2
N�t��1 ± p�t�� , �11�

p�t� =
N+1�t� − N−1�t�
N+1�t� + N−1�t�

, �12�

where N�t�=N+1�t�+N−1�t� is the total exciton concentration.
The IE PL intensities measured in experiment are directly
proportional to the exciton concentrations. For the DEs we
obtain

ND�t� = N0e−wLt, pD�t� = e−wXt, �13�

while for the IEs we have

NI�t� =
N0wk

wL − wl
�e−wlt − e−wLt� ,

pI�t� =
wL − wl

wL + wX − wl − wx

e−�wl+wx�t − e−�wL+wX�t

e−wlt − e−wLt . �14�

Comparison of experimental data with theoretical calcu-
lations is presented in Fig. 6 for different electrical biases
corresponding to the following energy splittings �E between
the 1s HH exciton and the IE:

�1� �E = 4.5 meV, �L = 0.16 ns, �l = 0.8 ns,

�X = 0.12 ns, �x = 1.1 ns;

�2� �E = 6.4 meV, �L = 0.20 ns, �l = 1.0 ns,

�X = 0.13 ns, �x = 1.6 ns,

�3� �E = 8.3 meV, �L = 0.27 ns, �l = 1.3 ns,

�X = 0.16 ns, �x = 2.0 ns. �15�

Our model rather well describes the spin relaxation at
small bias, while at large voltages there are some discrepan-
cies. Probably in this regime nonlocal tunneling would have
to be taken into account for better agreement.

The increase of the exciton spin relaxation time and the
radiative exciton annihilation time with bias can be ex-
plained by the enhanced spatial separation of electrons and
holes both in the same quantum well as well as in adjacent
ones.

IV. DISCUSSION

We believe that the experimental results on the change of
the IE spin relaxation described above are due to the collec-
tive behavior of the IEs below a critical temperature.7 Our
claim is based on Ref. 12 where the spin relaxation rate of
Bose condensates of atoms in traps was studied. It has been
shown that the spin relaxation rate of the atoms condensed
phase is N! times smaller than that of atoms in the uncon-
densed phase, where N is the number of particles involved in
a scattering process destroying Bose condensation. Experi-
mentally, this claim was confirmed in Ref. 13, in which the
spin dynamics of atoms in a Bose-condensate has been in-
vestigated. In our case the �2 time characterizing the exciton
spin relaxation changes by a factor of about 2, as expected
from the electron-hole composition of the exciton, in good
agreement with the model calculations in Ref. 12.

This finding is another indication for the IE collective
coherence upon reaching critical conditions. Qualitatively,
the time evolution of this phase can be described as follows.
At small delays ��1 ns�, the IE PL line is rather broad due to
the fluctuating potential relief in the quantum-well plane.
The potential traps arise, for example, from interface rough-
nesses or other structural imperfections. This is manifested
by the narrowing of the PL line with increasing delay, when

FIG. 6. Circularly polarized IE PL decay curves ��+, squares;
�−, circles� as well as the corresponding circular polarization degree
� �triangles� measured at different biases. The signal has been inte-
grated over the vertical gray line in Fig. 1 covering an energy win-
dow of 1 meV. Solid curves correspond to theoretical calculations
according to expressions �14� and �15�. T=2 K.
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more and more IEs form. Then the linewidth ceases to reflect
the statistical distribution of the fluctuation amplitudes of the
random potential. In our opinion, the sharp narrowing of the
PL line, the superlinear rise of its intensity, and the low-
energy shift of the PL line observed for our samples cannot
be associated with reaching the percolation threshold by the
IE density only, because of the strong sensitivity to tempera-
ture, even though there is no distinct temperature boundary.
Berman and Lozovik have shown2 that a sufficiently dense
system of IEs with particular values of the dipole moment
may condense into a dielectric collective phase despite of the
dipole repulsion between such excitons.

A consequence of the collective behavior of the IEs is its
coherency. This means that the IEs possess the same phase
on the length scale of the de Broglie wavelength, which is
close to the lateral domain size.8 This phase coherence in
turn affects the radiative annihilation rate, which increases
due to the increased coherence volume. Earlier we have
found from the kinetics of luminescence spectra that the life-
time of the collective exciton state is about three times
shorter than the luminescence decay time of localized IEs.9

This increase in the radiative decay rate of IEs and the cor-
responding increase of the degree of circular polarization are
particular manifestations of the coherence of the collective
exciton state. Another consequence of the IE coherence is the
essential increase of the IE spin-flip time at temperatures

below the critical one. As found in previous investigations,
the analog of a phase diagram can be constructed for the
collective exciton state.14 According to it, Tc increases with
increasing IE concentration, but there is both an upper and a
lower boundary for the existence of the collective phase. In
the present study we have observed that close to these IE
concentration boundaries the spin-flip time drops at smaller
temperatures, in good qualitative agreement with Ref. 14.

V. CONCLUSIONS

In conclusion, the temperature dependence of the IE spin
relaxation time has been investigated in GaAs/AlGaAs
CQWs. A strong decrease of the relaxation rate has been
discovered at T�Tc=4 K. The observed phenomenon occurs
due to the IE phase coherence at temperatures below the
critical one. A theoretical model of the IE spin flip has been
developed.
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