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The evolution of indirect exciton luminescence in AlAs/GaAs coupled quantum wells after
excitation by pulsed laser radiation has been studied in strong magnetic fBtdE2(T) at low
temperaturesT= 1.3 K), both in the normal regime and under conditions of anomalously

fast exciton transport, which is an indication of the onset of exciton superfluidity. The energy
relaxation rate of indirect excitons measured in the range of relaxation times between

several and several hundreds of nanoseconds is found to be controlled by the properties of the
exciton transport, specifically, this parameter increases with the coefficient of excitonic
diffusion. This behavior is qualitatively explained in terms of migration of excitons between
local minima of the random potential in the plane of the quantum well. 1998 American
Institute of Physicg.S1063-776(198)02509-9

Owing to their long lifetime, indirect excitons in coupled (Fig. 13. The electron state in AlAs is constructed from
quantum well{CQWS can cool down to temperatures close states of the X minima in the conduction band, which en-
to that of the crystal lattice. Therefore, condensation of exsures that the indirect excitons have long lifetimes. Carriers
citons similar to the Bose—Einstein condensation is possiblevere generated in the GaAs well by a semiconductor laser
at low lattice temperaturéslt has been shown in some the- (Aw=1.85 eV} operated in the pulsed mode. The laser pulse
oretical investigations that the critical conditions for excitonhad an approximately rectangular shape with a duration of 50
condensation can be greatly improved by applying a magns and rise and decay times of about 1 ns. The time resolu-
netic field perpendicular to the qguantum well plane, mainlytijon of the light detecting system was 0.3 ns.
because of the full quantization of the electron and hole en-  photoluminescence decay in magnetic fieds0, 4, 6,
ergy spectraand lifting of the spin degeneracy. In recent gnd 12 T al,=0 andT=1.3 K is illustrated by Fig. 2dahe
investigations of indirect excitons contained in AlAs/GaAs signal was detected in a spectral range with a width of 3 meV
CQWs, effects indicating condensation of excitons in strongentered at the photoluminescence line pedkese curves
magnetic fields have been detected, namely, an anomaloyse similar to those measured in previous experimefita
increase in the diffusion coefficiéland radiative decay réte _the indirect regime, the radiative lifetime of excitons is much

of excitons, which have been interpreted in terms of eXC"Ionger than the nonradiative time,,, and the total lifetime

tonic superfluidity and superluminescence of the excitonic__ 7.5 In narrow CQWsr.. is determined by the exciton

condense}te, together W'Fh anomalous!y large quc;tuauons ! ansport toward the centers of nonradiative recombin&tion.
the total intensity of exciton photoluminescence interprete

" . ) . ... Direct time-of-flight measurements of exciton transport in
as critical fluctuations in the region of the phase transmon[he AlAs/GaAs COWSs studiéd indicate that an increase

associated with instability of condensate domains. (decreasin 7 really corresponds to a decredgcreasgin
In the reported work, we have investigated the evolution ’ y P

of indirect exciton luminescence in AlAs/GaAs CQWs afterIndIrECt eX_C|ton d|ffu_5|o_n coefficient. e -
termination of a laser pulse in both the normal regime and Thus., In mggnenc f|eld$s7 T the diffusion coefficient

the regime of anomalously fast transport and high radiativén_or‘()tc’r"_Cally InCreases W'Fh the temperature a_md decreases
decay rate of excitons, i.e., in the regime of the suggesteyith the increasing delay time and magnetic fi¢kig. 2a
condensation of excitons. We have studied the energy rela@nd 29. This behavior can be well described in terms of
ation of indirect excitons in the time interval from several ©n€-exciton transport in random potentiéde random poten-

nanoseconds to several hundreds of nanoseconds and its & in narrow quantum wells is largely controlled by inter-
lation to exciton transport. face roughness (i) the increase in the diffusion coefficient

The nt—i—nt heterostructures with AlAs/GaAs With the temperature is due to thermal activation of excitons
CQWs tuned by a gate voltagé, are similar to those stud- from local potential minima(ii) the diffusion coefficient
ied in earlier experiments.® The i-layer consists of two drops with the increasing delay since more and more
quantum wells: an AlAs well with thickness 40 A and a strongly localized excitons dominate in the luminescence
GaAs well 30 A thick between Al,dGa, 5,As barriers. Inthe  spectra(those which have not had enough time to travel to
indirect regime ¥/,=0.5 V), electrons are confined in the centers of nonradiative recombination and recombine there
AlAs quantum well and holes in the GaAs quantum well (i ) the decrease in the diffusion coefficient with the increas-
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Relaxation
of photoexcited
excitons
FIG. 1. (a) Band diagram of AlAs/GaAs CQWs; the
solid (dashed line represents energies bf (X) ex-
trema in the Brillouin zone(b) Scheme of a photoge-
T nerated exciton energy relaxation in the presence of
ransport random potential in the CQW plane.
Recombination
of excitons
E
L___) b
X,y

ing field can be qualitatively explained by the increase in thehe temperature, magnetic field, and random potential. In the
magneto-exciton mass. general case of excitonic condensation in the presence of a
ForB<7 T andT=<5 K, we have detected anomalous random potential, domains of condensediperfluid exci-
increase in the diffusion coefficient with the increasing mag-tons alternate with normal regions in a random manner, and
netic field and a decrease in the diffusion coefficient with thethe boundaries between these regions are determined by the
increasing temperature at initial decay tinfegy. 2a and 2t potential relief. A superfluid domain may include several mi-
This behavior can not be explained in terms of one-excitorcrodomains connected by weak bonds, which should lead to
transport and is interpreted as the onset of exciton superfla coherence across the entire domi@iris an analogue of a
idity owing to their condensatioh.The fast decay of the network of the Josephson junctions in supercondugtors
exciton photoluminescence, which corresponds to fast exciMeasurements of the photoluminescence decay time yield
ton transport, is observed until the exciton density drops sewhe parameters of the exciton transport averaged over normal
eralfold; the subsequent decay is slow and corresponds t@nd superfluid regions in the laser excitation spot.
slow exciton transportFig. 28. The transition from the ini- Evolution of indirect exciton photoluminescence spectra
tially fast to the subsequent slower transport corresponds twith time and spectra integrated with respect to time at typi-
elimination of excitonic superfluidity when the exciton den- cal values of temperature and magnetic field are shown in
sity drops below the critical value, which is determined byFig. 3. In integrated spectra, one can see a line of lower
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nescence lines with the magnetic field and temperature are
related to variations in both the diffusion coefficient and ra-
diative decay rate of mobile excitons. For example, in fields
below 7 T the radiative decay rate of mobile excitons drops
with the increasing temperatuteyhereas the diffusion coef-
ficient grows(Fig. 29. Both these effects lead to a decrease
inl,/1, (Fig. 3c and 34 This effect of temperature indicates
that the distribution of excitons between localized and mo-
bile states is nonequilibrium. The effect would have an op-
posite sign if there were equilibrium between these states,
namely, the relative intensity of higher energy mobile exci-
tons would increase with temperature. The time of experi-
ment (about 1us), which is limited by the necessity of de-
tecting the decaying luminescence signal, is insufficient for
establishing equilibrium between the mobile and localized
indirect excitons.

As the delay time increases, one can see a shift of the
mobile exciton luminescence line, which reflects energy re-
laxation of excitongFig. 2b and 2d and Fig.)3In order to
determine the spectral position the line shape was approxi-
mated by a Gaussian. In magnetic fieRis 7 T, the energy
relaxation rate of mobile excitons gradually drops with the
delay; in addition, it decreases with the field and grows with
the temperature at all delay timéSig. 2b and 2§l In mag-
netic fieldsB=7 T the energy relaxation rate of mobile ex-
citons is considerably higher at smaller delays; in addition, it
increases with the magnetic field and drops with the tempera-
ture at small delays, whereas it decreases with the field and
rises with the temperature at longer deldlygy. 2b and 2y
Thus, the energy relaxation of mobile excitons is faster, the
' m higher the diffusion coefficient throughout the entire range of

i . : experimental parameters studi¢ahagnetic field, tempera-

1.73 1.71 1.73 ture, and delay

Energy, eV After photoexcitation, electron—hole pairs are rapidly
FIG. 3. Evolution of photoluminescence spectra of indirect excitons withbound in excitons and lose their kinetic energy by emitting
time. Spectra 1-8 were recorded in time intervals shown in Fig. 2b and 2dphonons. In this “fast” relaxation stagd, —X electron
The_ positions of the photoluminespence line of mobile excitons are marke‘ﬂransfer from GaAs to AlAs takes place and indirect excitons
by ticks. Spectra integrated over time are shown at the tops. The spectra are . .
normalized so that have almost the same peak intensities. are formed. The_ tlmes of _thgse proc_esses are ConSIderably
shorter than the lifetime of indirect excitons, and they are not
revealed in our measurements. The “slow” energy relax-
ation, which is observed in the range between several nano-
intensity on the low-energy side of the dominant IliRég. 3b  seconds and hundreds of nanosecofidg. 2b and 2g is
and 3d—f. The magnitudes of the shifts of these lines towardcontrolled by excitons migrating between local minima of
lower energy with the gate voltagé, indicate that both of the random potential in the plane of the CQWHg. 1b.
them are due to recombination of indirect excitons. The relaThis migration of excitons in the random potential is charac-
tive intensity of the low-energy line increases with the delayterized by a large spread of relaxation tinfeand the long
time (Fig. 3. Therefore, we associate this line with the re- lifetime of indirect excitons allows us to trace the transport
combination of strongly localized indirect excitons, whoseand energy relaxation of excitons in the range of long delay
nonradiative recombination rate is small owing to their lowertimes. The speed of exciton transport to deeper local minima
mobility (it is likely to be smaller than their radiative recom- increases with the their mobility, which leads to a faster en-
bination rate. The high-energy line is due to recombination ergy relaxation of excitons. The relationship between the en-
of indirect excitons with a higher mobilitteven though the ergy relaxation and exciton transport persists with the onset
localization radius of such excitons is finite, we dub themof exciton superfluidity, when superfluid domains of exci-
mobile for definitenegs These are the excitons which dem- tonic condensate are formed at some local minima.
onstrate the variations in the diffusion coefficient and radia-  The diffusion coefficient and radiative decay rate of in-
tive decay ratéwith the magnetic field and temperature dis- direct excitons are sensitive to the bath temperature down to
cussed above. 1 K, which indicates that excitons in local minima thermalize

The observed changes in the ratig/I, between the down to~1 K. The recombination line of indirect excitons
intensities of the mobile and strongly localized exciton lumi-of each local minimum cannot be much wider than the exci-
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