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Anomalous transport and luminescence of indirect excitons in AlAs/GaAs coupled quantum wells
as evidence for exciton condensation
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Due to the long lifetime of indirectinterwell) excitons, exciton condensatiqanalogous to the Bose-
Einstein condensation of bosoris expected to occur in coupled quantum weéQW’s). The critical con-
ditions for the exciton condensation have been predicted to be strongly improved by high magnetic field
perpendicular to the well plane. We present results of experimental study of transport and photoluminescence
of indirect excitons in AlAs/GaAs CQW's at low temperaturéB=350 mK) and high magnetic fieldsB
<14 T). Strong anomalies in the transport and luminescence of indirect excitons have been observed at low
temperatures and high magnetic fields: a large increase of the exciton diffusivity, a large increase of the exciton
radiative decay rate and a huge noise in the integrated exciton PL intensity. An interpretation of the observed
anomalies as evidence of the exciton condensdtien in terms of the onset of exciton superfluidity, super-
radiance of the exciton condensate, and fluctuations near the phase transitoralyzed. The parameter
(temperature, exciton density, and magnetic jiedépendences of the observed anomalous transport and
photoluminescence of indirect excitons show that these effects are consistent with the exciton condensation in
the presence of a random potent{®80163-18208)04827-9

I. INTRODUCTION: PROBLEM OF EXCITON lattice temperature is determined by the ratio between the
CONDENSATION IN QUANTUM-WELL STRUCTURES exciton energy relaxation rate and the exciton recombination
rate. Therefore, for searches of exciton condensation, semi-
The electron-hole d-h) interaction in a neutrag-h sys-  conductors with a long exciton lifetime are selected in order
tem can result in the condensation of bousH pairs(exci-  to achieve low temperatures in the exciton system.
tons in a momentum space. In the case of a dilute exciton For observation of exciton condensation, semiconductors,
gas hag’<1, whereag is the exciton Bohr radiug) is the  in which the exciton condensate is the ground state, in par-
e-h density, andl is the dimensionalitythe excitons can be ticular, has a lower energy than metallic electron-hole liquid
considered as weakly interacting Bose particles, and the corfwhich is a real space condensadee required. The latter is
densation is analogous to the Bose-Einstein condensatidhe ground state in Ge and Si, and was intensively studied in
(BEC) of bosons, while in the case of a denseh system the 1970s.
(nag®>1) the excitons are analogous to Cooper pairs, and Experimental efforts to observe exciton condensation in
the exciton condensate, called the excitonic insulator, i®ulk semiconductors have concentrated mainly on studies of
analogous to the BCS superconductor stafantrary to the  excitons in C4O and in uniaxially strained Ge. These semi-
BCS superconductor state, the pairing in the excitonic insueonductors are characterized by a long exciton lifetime and
lator is due toe-h interaction; the pairs are neutral and the are, therefore, attractive for experimental searches of the ex-
state is insulating. For exciton condensation in a dembe citon condensation. Degenerate Bose-Einstein statistics have
system, the nesting of electron and hole Fermi surfaces igeen observed for excitons in &b (Ref. 6§ and Ge’ Re-
required. The transition between the dilute and dense limitsently, overcoming of the exciton condensate phase bound-
is smooth® ary for paraexcitorfsand ortoexcitor’sin Cu,O has been
The condensation conditions can be achieved only if theeported. The study of excitons in €D, with particular em-
temperature of excitons is below a critical temperaflige ~ phasis on the exciton condensation problem, is currently in
For the condensation in a system of weakly interactingorogress?
bosons,T. is inversely proportional to the boson mass. As The semiconductor quantum-welQW) structures pro-
the effective exciton mass in semiconductors is small, of theride an opportunity for experimental realization of a quasi-
order of the free-electron masE, for exciton condensation two-dimensional2D) exciton condensate. Strictly speaking,
is several orders of magnitude larger thanfor the conden-  for infinite 2D systems BEC, i.e., the macroscopic occupa-
sation of Bose atoms. The latter was recently observed exion of one(lowest energystate with the number of particles
perimentally with the critical temperature being in(sub- in the state comparable with the total number of particles in
uK range? For experimentally accessible exciton densitiesthe system, is possible only @it=0. At finite temperatures,
in semiconductorsT. reaches several K. Nevertheless, inonly condensation into a superfluid state with the mean-field
spite of the relatively high critical temperatufg, is hard to  transition temperatur&.~4=%2n/[2m In In(1/na?)] is pos-
achieve experimentally. Due to theh recombination, the sible in the weakly interacting Bose gas in two dimensions
exciton temperature can considerably exceed the lattice tengn is the densitym is the boson mass, aradis the range of
perature. The exceeding of the exciton temperature over thiateraction.**? Below T, the small momentum particles
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contribute to a so-called quasicondensate, which results in a
the appearance of superfluidiy}? Note that above the
Kosterlitz-Thouless critical temperature, gtt<T=<T,, the 40 .
superfluidity is local, and a macroscopic superfluid density
abruptly appears &= Ty.13 However, for a finite 2D sys-
tem with an ared, the critical temperature for the BEC is
nonzero:T.s= 274 2n/[m In(n9],**!° and reduces logarith-
mically with the increase of the system area. Note that, for
finite 2D systems, the energy spectrum is discfetro di-
mensional. The difference between the quasicondensate
(macroscopic occupation of the low momentum/energy B=0
state$ and the Bose-Einstein condenséteacroscopic occu-
pation of one stafeis not essential for most experimeits; 0 ' T L S
therefore we will not distinguish between them when dis- 0 10 : 0 10 20
cussing exciton condensation in this paper. n (107em™) B(T)

In a general case of nonresonant excitation, the exciton
condensate can be formed via the exciton energy relaxa_tlo erature for the condensation of two-dimensional excitdns, at
toward the lowest-energy exciton state. In a sense of excitoB_ j 4,q at high magnetic field(=10 T) vs exciton densitya).
energy relaxation, QW structures have certain advantages foi B=0, the critical temperature is presented By=2mh2n/m
the experimental realization of the exciton condensate ag, m=0.37m,, which refers to the indirect exciton mass in AlAs/
compared to 3D bulk systems. Below the optical-phonon engaas cQw’s(the logarithmic corrections are omitted, see ekt

ergy, the energy relaxation of excitons is due to the acoustigigh magnetic fields the critical temperature is presented by the
phonons. In the region of subsonic wave vectorams' (S LL-KH formula T.g=Eg(1—2»)/[2 In(v"*~1)] (Refs. 19 and

is the sound speg¢dthe exciton relaxation on phonons di- 20); see text. The predicted magnetic-field dependencg,adt n
minishes sharply as a consequence of the impossibility te-10'° cm 2 is presented by the LL-KH formuléb); see text. The
satisfy energy and momentum conservation laws simultapoint at B=0 presentsT.,(B=0). The spin degeneracy is ne-
neously. This results in the impossibility of exciton conden-glected in the dependences.

sation by means of phonon cooling only if the exciton life- ) ) ) )

time is not very long> ms®1 The reduction of the exciton condensation of two-dimensional excitons was calculated to
energy relaxation rate in the region of subsonic wave vector8€ Tce=Ep(1—2v)/[2 In(v~*-1)] for 0O<»<1, whereEg

was shown to be strongly weakened for 2D exciton—3D pho= V/2e%/(&olg) is the magnetoexciton binding energy,

non systems due to momentum nonconservation irzttie :n/nl_ is the Landau-level fl”lng factoreo is the dielectric
rection, which allows the energy relaxation of subsonic ex-constant, andg=%c/eB is a magnetic length’?°?* At
citons via consequent absorption and emission of acoustiow densities;T.g is much higher than the zero-field critical
phonons; in particular, the 2D exciton condensation time wagemperature, which has a roughly linear density dependence
calculated to be in the range of nanoseconds which is severtgee above The comparison of the predicted critical tem-
orders of magnitude shorter than the 3D exciton condensaperature for exciton condensation at zero and high magnetic
tion time!® Also, during exciton energy relaxation with fields is shown in Fig. 1 for the parameters relevant to our
optical- and/or acoustic-phonon emission, phonons escagxperiments described below. For an estimate, the critical
out of the QW plane into the bulk, which results in more temperature aB=0 is presented byl .o=2%2n/m for m
effective cooling both of the lattice around the QW and of =0.37my which refers to the indirect exciton mass in AlAs/
the QW exciton system compared to the homogeneously eXxsaAs coupled QW'’s studied in this paper. The logarithmic
cited bulk systems. corrections are omitted, therefor@., is higher thanT,

It was shown by Lerner and Lozovik and Kuramoto and(Refs. 11 and 1Rand T.g.'**® The critical temperature at
Horie that critical conditions for exciton condensation in high magnetic field,T g, is presented by the formula of
QW's can be drastically improved by a high magnetic fieldLerner-Lozovik and Kuramoto-Horid L-KH ). It should be
perpendicular to the well plarf@&2° At zero magnetic field in  noted that the LL-KH theory was developed for the high-
the dense-h system,T is determined by dissociation of the magnetic-field limit, where the electron and hole cyclotron
condensed pairs; conversely, dissociation is negligible in thenergies are much larger thdfy. Its predictions forB
dilute limit, and only the exciton center of mass excitations=10 T and smaller fields can be considered qualitatively
are relevantT,, is reached when thie=0 state is empty. In only. In particular, the infinite derivative df.g(n) atn=0
high magnetic fields the internal structure of the exciton andFig. 1(a)] is the artifact of the high-magnetic-field approxi-
its center-of-mass motion are coupfédhe average in-plane mation, for a finite field the derivative should be finite. Simi-
spatial separation between the electron and hole is propolarly, the strong increase @f.g(B) at smallB [Fig. 1(b)] is
tional to the exciton center-of-mass momentum. Thereforegverestimated in the high-magnetic-field approximation; the
the emptying ofk=0 states is accompanied by exciton dis- oscillations at small fields correspondingito-1 are also the
sociation (in this sense, even in the limit of low exciton artifact of the high-magnetic-field approximation. Still,
density the condensate of magnetoexcitons resembles the eydalitatively, the LL-KH theory implies a strong increase of
citonic insulatoy. The coupling results in a strong modifica- T, at high magnetic fields compared B>=0 case(Fig. 1).
tion of the density dependence Bf. In the high-magnetic- Note that the magnetic-field dependencelgf is the oppo-
field limit, the mean-field critical temperature for the site: Tyt is reduced with increasin@ mainly due to the

B=10 T b

TC <K>

FIG. 1. Comparison of the theoretically predicted critical tem-
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compared toa-type CQW'’s. The electron state in AlAs is
constructed from th& minima of the conduction band. To-
gether with the spatial separation between electrons and
holes in thez direction, this results in the long lifetime of
indirect excitons inb-type CQW’s. Both ina- and b-type
CQW’s, the exciton lifetime can be controlled by the electric
field in the z direction, which is determined by an external
gate voltage®?®
An unavoidable property of semiconductor QW'’s and
GaAs CQW's is the existence of a random potential in the well
r_ce \u plane induced by the interface and alloy fluctuations, defects
X—CB Tz i~ and impurities. The random potential strongly influences the
\"\\: properties of the exciton condensate in QW's. Note, e.g.,
AL that, even for infinite 2D systems, disorder results in the
I in-plane confinement of bosons, which allows BEC at non-
b zero temperatures in analogy to the BEC in finite 2D sys-
VB tems. The problem of2D) boson condensation in a disor-
dered medium was studied theoreticliy’* mainly in
\,\ connection with the superfluidity of liquidHe in porous
media or on substrat®sand superconductivity in granufr
and uniformly disordered superconductor fil#s>° In par-
ticular, the boson localization and the superfluid-insulator
transition were studied. A qualitative behavior of the exciton
condensate in the random potential is supposed to be the
following. For zero potential fluctuations the exciton conden-
increase of the magnetoexciton ma$# theory of the ex-  sate is homogeneous in space, and spreads over the sample
citon condensation in finite magnetic fields has not yet beefor the net repulsive interaction between excitons, which was
developed at present. calculated to be the case for indirect excitons in CQ¥W"¥.
In addition, the magnetic field lifts off the spin degen- For nonzero potential fluctuations a random array of the nor-
eracy of the exciton state, which also results in an increase gfal areas and the exciton condensate ldkesnaing, with
the critical temperature for the exciton condensation due t@oundaries determined by the potential profile, is formed.
the effective increase af; in all equations for the critical This state is analogous to the “Bose-glass” phase considered
temperatures above/g should be used instead offor the  in Ref. 31. With the increase of the potential fluctuations the
state degeneraay+ 1. sizes of the condensate lakes well as the phase correlation
The predictions of LL-KH theory have initiated experi- between the lakesre reduced, and at large random potential
mental searches of the 2D exciton condensation in high maghe exciton condensate disappears. The ultimately large dis-
netic fields. The precursor of the exciton condensation irorder can result in the breaking of excitons, and in separate
QW's at high magnetic fields, namely, the formation of ex-localization of electrons and holes in different potential
citons in a dense 2[e-h system, has been observed in minima. Therefore, in order to observe the exciton conden-
In,Ga _,As/InP QW's (these QW's are characterized by a sate, samples with small potential fluctuations are required.
relatively low temperature of the photoexcited carriers com- Below, we discuss the expected specific properties of the
pared to InGa,_,As/GaAs and GaAs/AGa _,As QW’s).?®>  exciton condensate which can be detected in exciton lumi-
However, due to the relatively short exciton lifetime in the nescence and transport experiments. The condensation of
single QW'’s studied and, hence, the high exciton temperalong-life interacting indirect excitons in CQW'’s should be
ture, the exciton condensation phase boundary was not oveaccompanied by the appearance of  exciton
come. superfluidity?>?#25The interaction results in a linear disper-
Thee-h recombination rate is strongly reduced in coupledsion of the collective modes in the exciton system and, con-
QW's (CQW'’s), where electrons and holes are confinedsequently, in fulfilment of the Landau criterion of
in different QW’s. Due to the long recombination lifetime superfluidity'®2°24254lwhile the long lifetime of indirect
of indirect (interwell) excitons, CQW'’s are considered as excitons removes the problem of the order parameter phase
good candidates for the observation of 2D exciton con{ixation2* The latter problem was pointed out by Guseinov
densatiorf®?-%" The examples of semiconductor CQW and KeldysH? and is in the following: interband transitions
types are shown in Fig. 2. la-type CQW's[Fig. 2a)],  (e-h recombinatioh fix the phase of the exciton condensate
electrons and holes are spatially separated by a potential bagrder parameter, which makes impossible a superfluid state
rier which provides the small overlap of electron and holewith a uniform particle flow. The highest interband transition
wave functions resulting in the long recombination lifetime rate at which the exciton superfluidity is still possible was
of indirect excitons. Different materials can be chosen for thecalculated in Ref. 43.
well-barrier combination im-type CQW's: typical examples The exciton condensation should be accompanied by the
are the GaAs well-AlGa _,As barrier, and InGa,_,As  change of the exciton optical properties. As the photolumi-
well-GaAs barrier. Irb-type CQW's[Fig. 2(b)], the effec- nescencéPL) line shape reflects the distribution of excitons
tive spatial separation between electrons and holes is smallver the exciton statevith a weight proportional to the

FIG. 2. Schematic band diagram aftype CQW’s (a) and
b-type AlAs/GaAs CQW'’s(b) in the indirect regime. The indirect
transitions are indicated by the arrows.
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radiative recombination probability of the stgteexciton  pation of the lowest-energy state which, together with the
condensation in homogeneous media should result in the naincrease of the exciton oscillator strength, should result in an
rowing of the exciton PL line and in the appearance of aincrease of the exciton radiative decay rate at the exciton
sharp PL peak corresponding to the emission of the macrgsondensation.
scopically occupied state. Just such an appearance of a sharpWe have performed an experimental study of the transport
peak in the exciton PL spectra was reported in Refs. 8 and @nd luminescence of indirect excitons in AlAs/GaAs CQW's
as evidence of exciton condensation in,OuHowever, the [Fig. 2(b)] at high magnetic fieldsg<14 T) and low bath
spatially integrated PL line shape of excitons in Qs temperaturesT,,,=350 mK). The lifetime of indirect ex-
CQW's) is mainly determined by the random potential, andcitons in the structure was long enough for exciton thermal-
reflects the distribution of excitons over a huge number ofzation down to temperatures of the order of 1 K. Following
local potential minima; therefore, a spatially integrated PLthe predictions of Lerner-Lozovik and Kuramoto-Ho(gee
line shape can hardly be used for an analysis of exciton corFig. 1), a high magnetic field perpendicular to the CQW
densation in QW'§+%° plane was applied in order to improve the critical conditions
Exciton condensation is expected to be accompanied bipr exciton condensation. ThHetype CQWSs considered have
exciton condensate superradiance, which can be detected ag@dvantages for the exploration of exciton condensation in
strong increase of the exciton radiative decay rate. In spite diigh magnetic fields compared to what is possible with
the absence of a detailed theoretical treatment of this effecg-type CQW's. It has been sho#ft*®that ford=<Ig (d is the
indications of such behavior can be found in Ref. 46, whereeffective distance between the electron and hole laytees
the divergence of the exciton radiative decay rate was obground state is determined lgyh interaction and is the ex-
tained when approachinf, from above. The increase of the citon condensate at low temperatures, while dezlg the
exciton radiative decay rate at the exciton condensation caground state is determined bye andh-h interaction and the
be understood in the following terms. Only 2D excitons with exciton condensate is not stalgla the limit of low random
small momentak<k,~Eg\e/hic can decay radiatively potential, the ground state was predicted to be the coupled
(whereEg is the gap. is the high-frequency dielectric con- electron and hole Laughlin liquids or the coupled electron
stant, anct is the light speed The oscillator strength of the and hole Wigner solid8>9. At B=10 T,g=8.1 nm. There-
optically active 2D excitons is increased with the increase ofore, a high magnetic field of the order of 10 T should de-
the lateral size of the exciton center-of-mass wave functionstroy the exciton condensate &type CQW's, which typi-
called the exciton coherent area, and saturates when the ceally have d=10 nm, and, conversely, should improve
herence length reaches the inverse wave vector of the emitritical conditions for exciton condensationbatype CQW's
ted light’~52 (the origin of this effect is similar to the giant which haved~(3—4) nm. The smale-h separation is also
exciton oscillator strength first proposed by Rashba andmportant because the calculated critical temperature for ex-
Gurgenishvilt®). For normal uncondensed excitons, the co-citon condensation in high magnetic fields is proportional to
herent area is determined by the exciton localization lengtithe magnetoexciton binding energsee above The possi-
and the exciton scattering lendtf:>2 For condensed exci- bility of exciton condensation in the studied AlAs/GaAs
tons, the whole size of the condensate is the coherent arésQW'’s is analyzed by a comparison of the experimental data
which implies a large exciton oscillator strength. A macro-with the expected properties of the exciton condensate.
scopic mechanism for the increase of the exciton coherence The paper is organized as follows: The CQW sample de-
area at the exciton condensation in the presence of a randosign, the experimental setup, and the CQW PL characteriza-
potential is not trivial, and requires theoretical considerationtion spectra aB=0 are presented in Sec. Il. The indirect
Intuitively, it follows from an increase of the exciton-exciton exciton PL decay, transport, and radiative decay rate are con-
and exciton-phonon scattering lengths at the exciton condersidered in Sec. Ill. The variations of the indirect exciton PL
sation, as well as from a presumable increase of the excitodecay with the gate voltage and, in particular, a strongly
localization length due to the enhanced exciton screening dhdirect regime are considered in Sec. IV. The fluctuations of
the random potential at the condensafidand due to a set- the indirect exciton PL intensity are considered in Sec. V,
tling of the phase coherence among the condensate (#iees followed by conclusions in Sec. VI. Finally, in the Apen-
latter effect was briefly discussed in Ref.)3lh addition, at  dixes, we consider the influence of the nonexponentiality of
the exciton condensation the measured radiative exciton d¢he PL decay on the exciton radiative decay rate derivation,
cay rate is increased due to an increase of the fraction of thine relation between the indirect exciton transport and the
optically active excitons wittkk<k,. The energy of the opti- direct excitons in natural quantum dot emission, and the in-
cally active excitons< E0=ﬁ2k3/2m~0_8 K, which refersto  fluence of the sample degradation on the observed effects.

the AIAs/GaAs heavy-hole indirect exciton masm

=0.37mq [for the X, heavy-hole indirect exciton in AlAs/ Il SAMPLES AND EXPERIMENTAL
. . . SETUP
GaAs CQW’s,m,=0.19mq, while the literature data famy,
scatter; we use the valug,=0.18m; (see Ref. 55 and ref- The studied electric field tunable™-i-n* AlAs/GaAs

erences therejnandm=m,+m,=0.37m, for the estimates CQW structures have been grown by molecular-beam epi-
in this papet. The measured radiative decay rate is propor{axy. Thei region consists of a 4-nm AlAs layer and a 3-nm
tional to the fraction of excitons witk<kg, which is equal GaAs layer, surrounded by two 40-nmyAlGa, 5,As barrier

to 1—exp(—Ey/kgT) for the Boltzmann distribution; fol layers (followed by 5-nm GaAs layels(Fig. 1). Then™
>E,, Boltzmann distribution results in the linear increase oflayers are Si-doped GaAs witlg;=2x 10'® cm™2. Due to

the exciton radiative decay time with temperatfff@'Exci-  the metallic character of tha* layers, the external gate
ton condensation is characterized by the macroscopic occwoltageV,, applied between the front gate on the mesa top
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and the back gate on the bottom of thé substrate, drops
entirely in thei region. The front gate is designed as the gold . \E/39_=—O.6 v 17404 D eeeeeee
frame around the mesa structure with a @EDO-um? B

window2° The lateral homogeneity of the electric field in the
structure is provided by the metallic character of tiielay-
ers. In the direct regime;=0.4 V for the CQW's studied I
both electrons and holes are confined in the GaAs QW. In >

the indirect regime (Y=<0.4 V), electrons are in the AlAs
QW and holes in the GaAs QW. The ground electron state in
AlAs in the studied 4-nm AlAs—3-nm GaAs CQW'’s is con-
structed from theX, minima of the conduction band and is
twofold degenerate, the fourfold degenerate electron state
constructed from the,, valleys of the conduction band is
about 40 meV higher in enerdy.

As the electron Fermi level in thet GaAs layers is well
below the electron energies in the GaAs and AlAs QW's, the
QWs are nominally empty in the absence of photoexcitation
(the concentration of the residual impurities in the QW re-
gion is unknown; however, it is well below the Mott density | | ,
to provide free electron or hole gases in the QW's, and below 1690 1710 1730 1750 1770
the density of photoexcited excitons in the CQW's stuglied Energy (meV)

Carriers were photoexcited in the GaAs QW, with the photon

energy below the Al,4Ga 5,As barriers, by either a cw dye FI_G. 3. Normalized F_’L spectra of the AlAs/GaAs _C:Q_(‘Mmple
laser (hw=1.85 eV} or a pulsed semiconductor las@tw Sl). |n.the |nd|r§ct regime \(4z=—0.6 V) at cw excitation with
=1.8 eV, the pulse duration is 30 or 50 ns, and the edg;éxc'ttai'/o”ddensg'ewexzfi?] (13_‘9‘”%0500 (\;V_/Cj_‘ (Z)t; (;:t%o'th
sharpness including the system resolution is 0.y fike 'NS€tVg dependence of the direcbj and indirect {) transitions
sub-garrier photoex?:itationyeliminates the problem of carrieft =350 mK forWe,=50 (triangles and 500 Werf (points.
collection into the QW'’s, as well as the problem of variation ) ) ) )

of the electric field in the structure caused by the carrief€Ct €xcitons caused by the dipole-dipole repulsion for low
accumulation in layers other than the AlAs and GaAs€Xciton densities, and in terms of the energy shift originated
QWs 5758 from the electric field between the separated electron and

Excitation and detection of the PL signal were performedole layers for highe-h densities. The observed monotonic
by means of an optical fiber with a diameter of 1pen  increase of the indirect exciton energy with density implies
positioned approximately 30@m above the mesa. In order that the exciton state is the ground state in the system, in
to minimize the effect of the mesa heating, the total sampi@articular, has lower energy than metallic electron-hole lig-
area of about 1 mAwas much larger than the mesa size, and!id- This corresponds to the theoretical predictions for a spa-
the bottom of the sample was soldered to the metal platdially separated system of electrons and héle€. _
Measurements were performed in a liquid or vaptie The .dlrect.and |nd|rect exciton trgnsmon energies are
(350 MK=T<10 K), as well as in a liquid or vapofHe shown in the inset to Fig. 3 as a function\sf for different
(1.3<T=<10 K). The sample temperature was measured byxcitation densities. In the indirect regime the shift of the
the coil resistance soldered on the same metal plate as tfRdirect exciton energy witlV, is almost linear at low exci-
sample, approximately 1 mm from the samlkis design ton_d(_ansmes, and corres_,ponds to the CQW potenua! pr_oﬂle
minimizes the difference between the sample temperaturériation byV. For the fixedv, the magnitude of the indi-
and the measured temperaturghe PL signal was dispersed ect exciton energy shift with,, is determined by the indi-
by a double-grating monochromator and detected by a Sitect exciton density. Therefore, as a functiorMgfthe maxi-
avalanche diode or a photomultiplier. Time-resolved experimum indirect exciton energy shift for fixed/,, (see the inset
ments were performed by means of a time-correlated photot® Fig. 3 corresponds to the maximum exciton density
counting system, while in cw experiments a charge coupled’hich is determined by the maximum exciton lifetime. Close
device(CCD) camera or a photon-counting system or lock-in to the Q|rect25eg|me the exciton lifetime is reduced due to the
amplifier were used. I'-X mixing,” while atVy=—1 Vit is reduced by tunneling

The characterization zero-magnetic-field PL spectra in th@f carriers through the AGa _,As barriers. The maximum
indirect regime at cw excitation wittW,,=50 and 500 indirect exciton energy shift corresponding to the maximum
Wi/cn? are shown in Fig. 3. At high excitations the indirect €xciton lifetime in the structure is observed around
PL line broadens, indicating the appearancedf plasma; Vg=—0.8 V (inset to Fig. 3.
in addition, the temperature of the system is increased, which

results in the appearance of a PL line of direct excitons. An, o DECAY, TRANSPORT, AND RADIATIVE DECAY
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Energy (meV)

(arb.

PL Intensity

increase.of.indirect exciton dgnsity was found to.result in_ a RATE OF INDIRECT EXCITONS IN HIGH
monotonic increase of the indirect PL energy. This behavior MAGNETIC FIELDS

corresponds to the theoretically predicted increase of the in-

direct exciton energy with density;*® and can be under- The indirect regime a¥ ;=0 is considered in this section.

stood in terms of the net repulsive interaction between indiWe start from an analysis of the PL decay of indirect exci-
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] 8 (N 5] Vy=+0.9 V sity in the direct regime is almost independenBofinset to
10- 8 Fig. 4).

Note that the PL linewidth of the direct excitgabout 11
meV) is larger than the PL linewidth of the indirect exciton
(about 3 meV,; see Fig. 4a). The perpendicular electron ef-
fective mass for the indirect exciton () is much larger
than that for direct exciton (0.0@Y) and, therefore, the
interface fluctuationgwhich are the main origin of the dis-
order for 2D excitons in the considered narrow CQW struc-
ture) result in much smaller variations of the indirect exciton
energy compared to the direct exciton enefgjNote also
T=350 mK that the fluctuations of the internal interface, between the
Ve=0 GaAs and AlAs layers, are effectively cancelled for indirect
1710 1730 ' 1750 excitons, as their influence on the electron and hole energy
Energy (meV) have opposite S|g?1r’.. Effecuvely., the mterfa_lce fluctuations

produce a smaller disorder for indirect excitons compared to

B (T
47 15)
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PL Intensity (arb. units)
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§7 end of excitation pulse direct excitons in AlAs/GaAs CQW's.
100 3 . 5 No direct exciton PL is observed in the indirect regime for
] ST, M W,,=10 Wi/cn? [Fig. 4a]. Therefore, the direct exciton

density is negligibly small in the indirect regin{¢ghe ratio
between the direct and indirect exciton densities in the indi-
rect regime is proportional to the ratio between the direct and
e indirect PL line intensities multiplied by the ratio between
wo.1% © the direct and indirect exciton radiative decay times
" 8 The integrated PL intensity of indirect excitons normal-
ized to the integrated PL intensity in the direct regime,
Ip /1, as well as the initial PL decay time, for T=350
mK are plotted versus magnetic field in FiggcQand 9e),
bl SN W N N, | see below. To disreg'ard the indirect PL I'ine low-energy tail
40 50 60 70 80 90 100 emission corresponding to strongly localized excitththe
Time (ns) spectral integration forp, was done within a 3-meV spectral
range centered in the maximum of the indirect exciton PL
FIG. 4. Magnetic-field dependence of the time-integrated PLline; the difference in the indirect and direct exciton PL line-
spectrum(@) and the PL decagb) of indirect excitons in the AlAs/  widths was included in the ratio of integrated PL intensities,
GaAs CQW (sampleS2) in the indirect regime \(4=0) atT | /I5. In the indirect regime the integrated PL intensity is
=350 mK andW,,=10 W/cn? (pulse duration 50 nsThin lines much smaller as compared to the direct regifg. %c)],
are the fitting curves for the initial times of the PL decay. Inset:\yhich means that the quantum efficiency is much smaller
magnetic-field dependence of the time-integrated PL spectium ofan ynity. Therefore, for the studied CQW's in the indirect
direct excitons in the AlAs/GaAs CQW in the direct regiméy(  rogime, the radiative lifetime, is much larger than the non-
=+0.9V) atthe same excitation and temperature. radiative lifetime r,,, and the measured PL decay time
=~ Thr-
tons in high magnetic fields. The first data on the indirect Direct measurements of the exciton transport in AlAs/
exciton PL decay in high magnetic fields were reported inGaAs CQW'’s by spatially resolved imaging of the exciton
Ref. 59. The magnetic field was found to result in a strongcloud extension performed simultaneously with the PL decay
variation both of the time-integrated indirect exciton PL in- measurements, have shown tha{~ 7,,,) is mainly deter-
tensity and the indirect exciton PL decay. Figure 4 shows thenined by exciton transport to nonradiative recombination
time-integrated indirect exciton PL spectra as well as the Plcenters(NC'’s), and is reducedincreasegl with the increase
decay curves aff=350 mK at a fixed photoexcitation (reduction of the exciton diffusivity®® This conclusion is
(Woy=10 Wi/cn?, excitation pulse duration 50 nsersus typical of narrow QW structures characterized by relatively
magnetic field. For comparison, the direct exciton PL spectrdarge random potentials induced by the interface fluctuations
in the direct regime 4= +0.9 V) at the same photoexcita- and, hence, small exciton diffusivities: for the narrow QW'’s
tion are show in the inset. The PL decay curves were rethe exciton transport time to NC's is large compared to the
corded with spectrum integration within a 3-meV spectralNC capture/recombination time and, therefore, determines
range centered at the maximum of the indirect exciton PLr, .5 The similar relation between the measured indirect
line. There is a clear difference of the indirect exciton PLexciton PL decay time and indirect exciton transport in
intensity decay. AB=<6 T the decay is slightly nonexponen- AlAs/GaAs CQW's was argued in Refs. 63 and 64. There-
tial with a relatively long time constant. At higher magnetic fore, the variations of in our CQW’s may reflect changes in
fields a rapid initial decay is followed by a slow decay atthe exciton transport. Under this assumption, the observed
larger timeg Fig. 4(b)]. The indirect exciton PL intensity is magnetic-field dependence oimplies that the increase &
first increased with an increase Bf (at B8 T), and then first leads to a small reduction of the exciton diffusivity and
reduced Fig. 4(a)]. Conversely, the direct exciton PL inten- then to a strong increag€ig. Ae)].
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FIG. 5. Scheme of the exciton transport measurements by the é
time-of-flight technique. The curves present the indirect exciton PL £
decay in the AlAs/GaAs CQWsampleS2) for the unmaskedup- 3,101
per curve and masked parts of the sampleTat 350 mK,B=14 T, & ]
Vg=0, andW,,=10 Wicn? (pulse duration 50 nsThe curves are Cllli T . A
shifted in the vertical axis for clarity. The difference between the Trae"a
decay rates is due to the exciton diffusion underneath the nontrans- L end of excitation pulse b
. T T T T T [ T f T T
parent regions of the mask shown by arrows on the lower scheme. 45 55 65 75 a5 95

Thin lines are the fitting curves for the initial times of the PL decay. .
Time (ns)

For direct measurements of the exciton transport, we have FIG. 6. Comparison between the indirect exciton PL decay in
used a time-of-flight technique: the PL decay from an un-the AlAs/GaAs CQW(sampleS2) (a) and the time dependence of
masked part of the sample was compared with the PL decaye ratio between the indirect exciton PL intensities from the un-
from a part of the sample which was covered by a nontransnasked and masked parts of the samftle at Vy=0 and W,
parent NiCr mask, leaving an array ofdm-wide stripes =10 W/cnt (pulse duration 50 nsfor low and high temperatures
uncovered and separated from each other by.82 Excita-  (0-35 and 5 K, and for low and high magnetic field§ and 14 7.
tion and detection of the PL signal were performed by meandhe curves are shifted in thg ve_rtlcal axis for clarity. Thin lines are
of an optical fiber with a diameter of 1g@m positioned in the fitting curves for the initial times of the PL decay.
front of either the masked or unmasked part of the sample. A
similar time-of-flight technique(with different mask con- of the window regions. An example of the PL decay for the
figuration was used for a study of the direct exciton trans-masked and unmasked parts of the sample is shown in Fig. 5.
port in GaAs/ALGa, _,As QW's®® The first data on indirect We believe that the covering of the sample surface by the
exciton diffusivity in high magnetic fields measured by the nontransparent metal mask does not chang¢and hencer
time-of-flight technique were reported in Ref. 66. as 7~ 7,,,) underneath the metal-covered regions because of

For the PL decay in the masked part of the sample, due tthe large distance between the CQW and the sample surface
diffusion of excitons underneath the metal-covered regions(150 nmj, and because the metal film is covered above an-
the variation of the exciton density is described dy/gt  other metal layer-+"~ GaAs. We also believe that possible
=G-+Da?n/dx?—nlr during the photoexcitation, and by reabsorption induced by the metal mask underneath the
anlat=Da?nl 9x*>—nl r after the end of the excitation pulse, metal-covered regions is negligible due to the small absorp-
whereG is the generation rate aridl is the exciton diffusion tion coefficient of indirect excitons.
coefficient describing the exciton transport at the initial times ~ The difference in the PL decays for the unmasked and
of the PL decay(the validity of the description of exciton masked parts of the sample can be presented by the time
transport by the one-component diffusion equation with aevolution of the ratio between the PL intensitieR(t)
single diffusion coefficient is discussed belowhe mea- =Iuimaskefty/maske¢ty  The characteristic examples of
sured PL intensity for the masked part of the sampleR(t) for low and high temperatures, and for low and high
|maske¢t), is proportional to the exciton density integrated magnetic fields, are shown in Figl. The constant value of
over the window regions. For the PL decay in the unmaskedR(t) during the PL decay implies that the exciton diffusion
part of the sample, the terBd°n/9x? was neglected due to underneath the metal-covered regions in the masked part of
the large size of the excitation spot. Therefore, the PL decathe sample is absent. The higli2iis, the more stronglR(t)
for the masked part of the sample is more rapid compared tdeviates from the constant. Figurébpshows that the devia-
that for the unmasked part, due to the exciton diffusion oution of R(t) from the constant is strongest at the beginning of
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FIG. 7. Temperature dependence of the time-integrated PL spec- FIG. 8. Temperature dependence of the time-integrated PL spec-
trum (a) and the PL decagb) of indirect excitons in the AIAs/GaAs trum (a) and the PL decagb) of indirect excitons in the AlAs/GaAs
CQW (sampleS2) in the indirect regime\(4=0) atB=6 T and  CQW (sampleS2) in the indirect regime\{;=0) atB=14 T and
W,,=10 Wicn? (pulse duration 50 Bs Thin lines are the fitting W.,=10 W/cn? (pulse duration 50 ns Thin lines are the fitting
curves for the initial times of the PL decay. Inset: temperature decurves for the initial times of the PL decay. Inset: temperature de-
pendence of the time-integrated PL spectrum of direct excitons ipendence of the time-integrated PL spectrum of direct excitons in
the AlAs/GaAs CQW in the direct regime/(=+0.9 V) at the  the AlAs/GaAs CQW in the direct regimeVg=+0.9 V) at the
same excitation and magnetic field. same excitation and magnetic field.

the PL decay, and reduces with delay time during the decatemperature results in a reduction@fand an increase of
(for all temperatures and magnetic field$he thin lines in  at T<5 K. Only at higher temperatures doestart to drop,
Fig. 6(b) are the fitting curves for the initial times of the PL approaching the behavior observed for low magnetic fields.
decay which usé® as a fitting parametert is determined In all experiments an increage=duction of 7 corresponds to
separately from the PL decay for the unmasked sample. a reduction(increas¢ of D. This confirms the assumption
The magnetic-field dependence Df at T=350 mK is  that r is determined by exciton transport to nonradiative re-
shown in Fig. 9g). D first slightly decreases with increasing combination centers. The relation betweeandD also per-
magnetic field(this decrease is within the error bprand  sists with an increase of delay time: the differential decay
then strongly increases. The temperature dependence of thitne increases with delay tinf&ig. 6(a)]. This is consistent
integrated exciton PL intensity; andD for B=6 and 14 T,  with the reduction of the exciton diffusion coefficient with
is shown in Figs. @), 9(f), and 9h). The data foB=6 T delay time, which is seen as the reduction of the deviation of
represent typical variations of and D at low magnetic R(t) from the constanfFig. 6(b)].
fields, while the data foB=14 T are characteristic of high The observed variations of the exciton diffusion coeffi-
fields where rapid exciton transport is observed at low temeient, and corresponding variation of the nonradiative life-
peratures. The corresponding temperature dependences tohe with temperature and magnetic field, are discussed be-
the indirect exciton PL spectrum and the PL decay are showlow. At low magnetic fields B<6 T), the temperature and
in Figs. 7 and 8. Temperature dependence®8fei0 are also magnetic-field dependences naindD [Figs. 9e)-9(h)] are
presented in Fig. 9. Figure 9 shows thatBat6 T an in-  typical of thermally activated exciton transport in a random
crease of temperature results in an increas® aind a re-  potential. The increase of the exciton diffusivity and reduc-
duction of 7. Contrary to this, aB=14 T an increase of tion of the PL decay time with increasing temperature are
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o ' and superfluid lakes, with boundaries determined by the in-
2 ] 7=350 mK 1 eB=14 T plane potential profile, is expected to be formed. A superfluid
- ] ] gg=eT lake can include a number of weakly coupled condensate
>0 o 01—; °°., puddles; the total size of the lake is determined by the ex-
N ] ] e tension of a coherence between the puddles. This system is
= g I % b analogous to a random Josephson-junction array in supercon-
:}o. ooty Ay - -0y ductors. On a large scale, the exciton transport is the trans-
> ] s port in a disordered array of normal and superfluid regions.
o 1_'/% ] 5 The measured exciton transport parameters are averaged
o e, over the normal and superfluid regions in the excitation spot;
N § N o the relatively low value oD characteristic of the observed
- 0.014 i \ \ d rapid exciton transport can be understood in such a picture.
] (E NN ¢ Note that the simulation of exciton transport by a diffu-
—_— —_—— sion equation with a single diffusion coefficient is certainly
30 ] not valid for superfluid excitons. In the absence of a random
o~ § ] potential, the spatial expansion of a 3D superfluid exciton
£ cloud was described by the Gross-Pitaevskii equation in Ref.
- 101 el 68; a similar consideration for 2D excitons for the mask con-
] ] figuration considered in the paper will be reported
T L elsewheré&® For the random array of normal and superfluid
regions, the spatial extension of the exciton cloud is more
E complicated problem which was not considered theoretically.
" 3 The value oD obtained above from the fitting of the exciton
S cloud extension process by the diffusion equation with a
o S single diffusion coefficient presents a qualitative variation of
g h the exciton transport, i.e., an increase or reduction of the
O S exciton diffusivity with a variation of temperature and mag-

Magnetic Field (T) T t K netic field.
? M) emperature (K) Exciton superfluidity should disappear with a reduction of

FIG. 9. Magnetic-field dependence of the radiative decay rate othe exciton density at a critical density which is temperature,
indirect excitons in the AlAs/GaAs CQWsampleS2) in the indi-  magnetic field, and disorder dependent. Due to the low level
rect regime Yy=0)7, *=(Ip_/Ip) 7 * (a), the integrated PL inten-  of the PL signal from the masked part of the sample, we have
sity of indirect excitons normalized to the integrated PL intensity inused only the maximum excitation power of the laser which
the direct regimd p /I, (c), the initial decay timer (e), and the  corresponds to an average initial exciton densityl 0™
exciton diffusion coefficienD measured by the time-of-flight tech- cm™2 (estimated from the excitation density and exciton life-
nique (g) at T=350 mK andW,,=10 W/cnf. The temperature time); we were not able to measure the excitation density
dependence of, *=(Ip./1p)7 ! (b), Ip./Ip (d), 7 (f), andD (W) dependence by the time-of-flight technique. Indirectly, the
atVy=0, We,=10 W/cnf, andB=0, 6 and 14 T. exciton density dependence is revealed in the time evolution

of the PL decaythe excitation density dependence of the PL
due to the thermal exciton delocalization from the randomdecay is discussed beldwAt low temperatures and high
potential minima, and the increase of the phonon-assisteghagnetic fields, a rapid initial decay corresponding to the
tunneling probability, and has been observedBatO in  rapid exciton transport is observed until the exciton density
AlAs/GaAs type-ll superlattices and CQW5%36* The drops down by several times; the subsequent decay is slow,
monotonic reduction of the exciton diffusivity with increas- and corresponds to slow exciton transgéigs. 4, 6, and B
ing magnetic field can be qualitatively explained by the in-The transition from the rapid initial to the slow subsequent
crease of the magnetoexciton mass, and is in qualitativexciton decay and transport is sharp, and corresponds to the
agreement with the theoretical consideration of single exciexpected disappearance of the exciton superfluidity.
ton transport in AlAs/GaAs CQW'® The reduction of the At all studied magnetic fields, the temperature and
exciton diffusivity with increasing magnetic field has also magnetic-field dependences of the slow PL decay at large
been observed for direct excitons in GaAs®& _,As  delay times are qualitatively similar to those of the initial PL
single QW's®’ decay at low magnetic fields: the differential decay time in-

The strong increase @ which is observed at high mag- creases monotonically with increasing magnetic field, and
netic fieldsB=6 T and low temperature$<4 K [Figs. reduces with increasing temperatFégs. 4, 7, and B This
9(e)-9(h)] can not be explained in terms of single excitonimplies similar exciton transport mechanisms in these two
transport. A possible explanation for this effect, the validitycases. The difference is in the stronger exciton localization
of which is argued below, is the onset of exciton superfluid-for the former case: with increasing delay time more and
ity. With increasing temperature the rapid exciton transpormore strongly localized excitons dominate the recombina-
disappears, and dt=5 K the usual increase of the exciton tion, which results in a monotonic reduction of the decay
diffusivity with temperature is recoverdérig. Af)]. rate. The increase of the exciton localization with delay time

As discussed above, for exciton condensation in the preds mainly because excitons reach deep potential minima at
ence of a random potential a random array of normal areatheir migration in the QW plane. Therefore, the exciton
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transport results in an exciton energy relaxation and consere of theX, type, and are constructed from both electron
qguent reduction of the spatially integrated exciton PLand hole bands with the minima k&0 i.e., they are direct
energy’® We have found that the exciton energy relaxationin x-y momentum space. These excitons are also called
rate is increased with an increase of the exciton diffusivitypseudodirect, their small exciton-photon coupling constant
for all studied temperatures and magnetic fields, both foand, correspondingly, small radiative decay rate, are due to
normal and anomalously rapid exciton transfi8riAt the  the fact that the electron state is constructed from Xhe
same time the shift of the spatially integrated exciton PLminima of 3D conduction band, and to the small overlap
energy with delay time was found to be small enough to havéetween the electron and hole wave functions inzlirec-
no influence on the measurementsroand D with the PL  tion. Therefore, arguments for the increase of the exciton
intensity integration within the 3-meV spectral range used irfadiative decay rate at the exciton condensatsec. ) are
the present paper. valid for indirect excitons in the considered AlAs/GaAs
At a large delay time due to the strong exciton localiza-CQW's.
tion, 7,,, may exceed, . Under this condition the total decay ~ The first data on the radiative decay rate of indirect exci-
rate will be mainly determined by the radiative recombina-tons in high magnetic fields were reported in Ref. 75. The
tion. This regime of strong exciton localization is not con- exciton radiative decay rate * can be directly derived from
sidered in this paper. Note that the monotonic increase of ththe measured and the time-integrated exciton PL intensity
decay time with increasing magnetic field, and its reductiorlp, . In the case of monoexponential PL decay;l
with increasing temperature, is also characteristic of the ra= (I, /G) 71, whereG is the generation rate. This formula
diative decay of electrons and holes separately localized i already enough to show variations gf*, but does not
different in-plane potential minima; although their contribu- present its absolute value, @sis unknown. For the estimate
tion to the integrated PL intensity is negligible, it is increasedof G the quantum efficiency of the PL in the direct regime
with delay time, and may become essential at large delayscan be taken as unity. The®=Iy and 7, *=(lp /l1p)7 %,
Below, we briefly discuss possible contributions of otheryhere|, is the integrated PL intensity in the direct regime
mechanisms to the increase of the exciton diffusivity withmeasured at the same excitation. The magnetic field and tem-
magnetic .fleld! and its reducthn with temperature. _Theperature dependences=f! are shown in Figs. @) and 9b)
magnetlc-fleld-lnduce_d suppression of the o_lestrug:tlve |nter[n§c in Figs. 9a) and gb) differ from ns by a numerical
ference between exciton paths could result in an increase gh (o equal to the quantum efficiency in the direct regime,
the exciton diffusivity with magnetic field, in analogy to the \hich is unknow. It was found that the nonexponentiality
negative magnetoresistance in electron.trans7ﬁ5?t.How- _of the PL decay introduces only unimportant quantitative
ever, it seems unllkely that this mechanl_sm co.ntrll:.)u.tes Sigzorrections to the dependendege Appendix A Note also
n|f|cantl_y to the Iarg_e increase of the exciton diffusivity _ob- hat the generation rat is entirely determined by the ex-
served in our experiment due to the total charge neutrality ofji-tion density and is independent of temperature and mag-

excitons. Although theoretical consideration of the 2D exci-a4tic field, this can be seen from the constant value of the

ton transport in high magnetic fields in a strong random poirect exciton PL intensity in the direct reginiBigs. 4, 7,
tential (which corresponds to the exciton transport in CQW’s 4 )
studied is absent, the interference between exciton paths for At
the 2D magnetoexciton transport in a weak disorder was co
sidered in Ref. 73. A possibility of positive magnetodiffusion
was found at low magnetic field$g>ag), while at higher

fields the exciton diffusivity was found to reduce with a The observed dependences are discussed below. We be-

magnetic field”> This is in a contradiction to the observed lieve that the radiati\?e decay in our sample is entirel' spon-

reduction of the exciton diffusivity at low fields, and its in- ecay fsamp ysp
}aneous, and that there is no contribution of the laser effects

crease at high fields, and indicates, therefore, a small contr,

bution of the interference between exciton paths to the ob© the observed variations of ~ (due to the small coupling

served variations of the exciton diffusivity. between the photon and indirect exciton, the antiwaveguide

The decrease of the exciton diffusivity with temperature ischaracter of the structure with a single CQW in the middle of

characteristic of a phonon-wind-driven expansion of the ex2n 80-NM Ab,dGa.52As layer surr_ozunded by GaAs layers,
, and the experiment

citon cloud. This mechanism was suggested in Ref. 74 as ai€ Small exciton density 10" cm™2, e ex
explanation(alternative to the exciton superfluiditjor the ~ 9€0metry, emitted light is collected in the dlrectlo_nl perpen-
rapid exciton transport observed in experiments ip@tf ~ dicular to the CQW plane The anomalously large; = ob-
In our experiments the phonon wind cannot efficiently con-Served at high magnetic fields and low temperatures is con-
tribute to the 2D exciton transport, because the fraction ofiStent with the large radiative decay rate expected for the
phonons propagating in the plane of the studied single nai€xciton condensate discussed ab_ove. As in t_he case of the
row CQW is small. Furthermore, in measurements of the PLEXCIton transport measurements, in our experiments the av-
decay in the unmasked part of the sample, the variations of €rage value of; * (integrated over the sample ayéamea-
are not connected with the expansion of the exciton cloud agured. The increase of, * in the condensate lakes is ex-
they occur inside the excitation spot. pected to be higher than the measured average value.
Besides the exciton superfluidity, another signature of the Note, however, that an increase®f" with a reduction of
exciton condensation is the onset of exciton superradiancemperature and an increase of magnetic field is also ex-
characterized by an increase of the exciton radiative decagected for normal uncondensed excitons, but with a much
rate(see Sec.)l The indirect excitons in the CQW'’s studied smaller magnitude compared to that observed at high mag-

T=350 mK, rr_l strongly increases with magnetic
Tield [Fig. 9@]. At high fields, r, * strongly drops down
with temperature around =4 K, while at B=0 it only
weakly depends on temperatufeig. 9b)].
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netic fields and low temperatures. An increase of the unconshould appear &g, asT.g corresponds to the formation of
densed exciton oscillator strengftadiative decay rajewith  the quasicondensat® A local exciton superfluidity also ap-
magnetic field is due to the shrinkage of the relative in-planepears afl .5, while a macroscopic superfluid density appears
e-h wave functior?* According to calculations in Ref. 76, at Tyr.'® The temperature rangégt<T=<T.g, character-
this should be only about two times for the increase of thdzed by the existence of unbound vortices resulting in a flow
magnetic field from 0 to 14 T for the considered CQW'’s. energy dissipation, increases with magnetic field: for a fixed
This value is close to the observed increaserof at high  exciton density;T.g increases, whild reduces withg;*°
temperaturesy 6 K, and is much smaller than that observedsee Sec. I. The local exciton superfluidity can be revealed in
at low temperatures<3 K [Fig. 9b)]. An increase of the the measurements of the exciton diffusion on a small length
radiative decay rate of normal uncondensed excitons with acale which increases with a reduction of temperattite.
reduction of temperature is due to the gradual increase of thédae present experiments the exciton transport on a micro-
k<k, exciton state filling and the normal exciton coherentscopic scalethe diffusion lengthyD7~2 um) is consid-
area?’ it is presented by the increase gf' atB=0, and  ered. Therefore, we believe that the observed onset of the

is much smaller than the sharp increase of the radiative decdpid exciton transport correspondsTgs, not Tyr.
rate observed at high magnetic fields arouhd4 K [Fig. The measured value ofand the derived value of * are
9(b)]. presented in Fig. 10 in a diagram form for a broad range of

Note that the exciton transport and the exciton radiativenagnetic fields, temperatures, and excitation densities. The
decay rate are not decoupled for a system with a spatiallé@ Of th_elcwcles in the left column of Fig. 10 is propor-
inhomogeneous radiative decay rate. For the case of excitdifhal to 7, ~, while the diameter of the circles in the right
condensation in a random potential, the spatial inhomogeneolumn of Fig. 10 is proportional te. As shown above, the
ity of the radiative decay rate already follows from the exis-measuredr is determined by the exciton diffusivity at all
tence of normal and condensed areas; see above. For the cg8édied magnetic fields and temperatures. Based on the as-
of normal uncondensed excitons the radiative decay rate gfumption that this relation also remains valid for all studied
indirect excitons is also inhomogeneous in the CQW plane€Xciton densities, we believe that the right column of Fig. 10
It depends on the strength of tH&X coupling, which is presents the exciton transport variations with the larger circle
increased with a reduction of the energy splitting betweerforresponding to the smaller exciton diffusivity.
direct and indirect excitons, and on the exciton coherent area, We first consider the data at the maximum excitation den-
which is determined by the exciton localization length: seesity studied We,=W,= 10 W/cnt, which corresponds to the
above. Therefore, the lateral fluctuations of the GaAs andipper planes of the diagram of Fig. 10. The upper left plane
AlAs layer thicknesses result in the inhomogeneity of theof Fig. 10 shows that; ! is increased with reducing tem-
indirect exciton radiative decay rate in the CQW plane. Inperature and increasing magnetic field, with a huge increase
simplified terms the regions of higher radiative decay rateat low T and highB: the variation ofrf1 reaches about 60
can be considered as radiative cent@®€’s). The increase times when going from the lower right corner to the upper
of the exciton diffusivity can result in more effective exciton left corner of the diagram plane. Because the strong increase
transport to RC’s and to a consequent increase of the radiaf 7, * is observed at the expected conditions for the exciton
tive decay rate. We believe, however, that the contribution otondensation, i.e., at low temperatures and high magnetic
the coupling between the exciton transport and radiative defields, and because this increase is expected for the exciton
cay rate to the measured dependencesr’éf[Figs. 9a) and condensation and cannot be explained for normal uncon-
9(b)] is small, and can be neglected for a qualitative underdensed excitons, we believe that the observed huge increase
standing of the dependences. In some parameter range tber, * corresponds to the exciton condensate superradiance.
relative variation of the exciton diffusivity and * is oppo- Conversely, the small increase f* observed with increas-
site to that expected from the coupling between them, whicling magnetic field at high temperatures5 K, corresponds
indicates the relatively small role of the coupling: first, with to the shrinkage of the in plane relatigeh wave function,
increasing magnetic field &<6 T the exciton diffusivity is  while the small increase af, * observed with reducing tem-
reduced Fig. %e)] but 7, * is increasedFig. Aa)]; second, perature at low magnetic fieldB<4 T, corresponds to the
with increasing temperature at small fields the exciton diffu-gradual increase dé<k, state filling and the coherent area
sivity is increasedFig. 9f)], but 7 * is reducedFig. Ab)].  for normal uncondensed excitons; see above.

Note that the GaAs natural quantum dots for direct The upper right plane of Fig. 10 shows that, starting from
excitong’ can also be considered as RC’s, their relation tohigh temperatures and low magnetic fielttswer right cor-
the indirect exciton transport is considered in Appendix B. ner of the diagram planethe exciton diffusivity is first re-

For an understanding of the observed anomalous rapiduced with increasing magnetic field and reducing tempera-
exciton transport and high exciton radiative decay rate, anture. This behavior corresponds to normal exciton transport
their comparison with the expected properties of the excitorin a random potential; see above. However, at the lowest
condensate, their variation in a complete parameter spagdemperatures and highest magnetic fields studigger left
should be measured and compared with the expected phaserner of the diagram plahea strong increase of the exciton
diagram of the exciton condensate. In a homogeneous 2B@iffusivity is observed. Because this increase of the exciton
exciton system at high magnetic fields, the relation betweediffusivity is observed at the expected conditions for the ex-
the critical temperature, magnetic field, and density is givertiton condensation, i.e., at low temperatures and high mag-
by the LL-KH formula for T.g(n,B); see Sec. I. A strong netic fields, and because this increase is expected for the
increase ofr; * due to the exciton condensate superradiancexciton condensation and cannot be explained for normal



PRB 58 ANOMALOUS TRANSPORT AND LUMINESCENCE OF ... 1991

O 1/7.=10"2ns ! 0 7=20 ns

€

]

Qo000 o o
() Ooooo0o o o
(@ e e Y- X-T-X- TN

Q00co00000 o FIG. 10. Temperature, magnetic-field, and ex-

., 000000000 o Wo citation density dependences of the radiative de-
e L | cay rater, * (left column and the initial decay
000000 e time 7 (right column for indirect excitons in the

AlAs/GaAs CQW (sample S3) in a diagram
form: 7-,‘1 is proportional to the area of the circles
in the left column,r is proportional to the diam-
eter of the circles in the right column. The varia-

Q00000000 o

v00000 oo o  Wo/2.5 tions of 7 reflect the changes of the exciton dif-
! Tl fusivity, with the larger circle corresponding to
0000 0ooe o 0000 00C0 © the smaller exciton diffusivity; see texiV,= 10
(o]
wicn?.
O
° Qo o
O
000000 OOS W0/8 O00000000 © W0/8
T T T T T T T T
S A D
T (K) T (K)

uncondensed excitons, we believe that the observed stronjffusivity and 7, * is presented by the lower two planes of
increase of exciton diffusivity corresponds to the onset ofthe diagram which correspond W,,=W,/2.5 andW,/8.
superfluidity of the exciton condensate. Figure 10 shows that the anomalously large exciton diffusiv-
The anomalous rapid exciton transport and largé are  jty and . observed at high magnetic fields and low tem-
observed in approximately the same range of parameters—ggratures(upper left corner of the diagram planeare
low temperatures and high magnetic fields, i.e., in the UPPESirongly reduced with the reduction ., (while at low

Iefft tcorner Otf the tﬂiagra_rtn p:aneéEig. ,}@' f‘.’Vli;“ artl inchr_e?]s?h magnetic fields and high temperatures the exciton diffusivity
of temperature the critical magnetic field, at whic €and 7% only weakly depend oi,,).

; ; 1

anomalqus_ rapid exciton transport and large" are ob Although the reduction of the anomalously large exciton

served, is increasedrom abou 8 T atT=1.3 K to about 12 e 1. . o
diffusivity and 7, = with the reduction ofW,, qualitatively

T at T=4 K); see Fig. 10. This variation qualitatively corre- . .
sponds to that expected from the LL-KH formula. The abso_corresponds to the expected disappearance of the exciton su-

lute value of the critical temperatures are about an order 0[perfluidity and §uperradiance, the observed excitatiqn density
magnitude smaller than that expected from the LL-KH for_depen(jenc_e differs from that expected for the exciton con-
mula (Fig. 1). This discrepancy can be connected with thedensation in a homogeneous 2D system. Even at lowest
high-magnetic-field approximation used in the LL-KH Wex=Wo/8 an anomalously large exciton diffusivity and*
theory, which results in the overestimation of the critical (although being smaller than at high,,) are observed at
temperature. Note also that Fig. 1 presents the critical temapproximately the same range of temperatures and magnetic
perature for the condensation of single-layer two-fields as atW,,=W,, see Fig. 10. This contradicts the
dimensional excitons; taking into account the finite well LL-KH formula, which implies a reduction of the critical
thickness and spatial separation between the electron and ttemperature and an increase of the critical magnetic field
hole layers should result in a reduction Bfg. As the dis-  with a reduction of exciton density. We do not have a clear
order was not included in the LL-KH theory, this can alsounderstanding of the observed independence of the critical
result in a discrepancy between the experiment and theoryemperature and magnetic field from exciton density. How-
Note that comparison with the LL-KH formula should be ever, we suppose that it might be specific for the exciton
done carefully, as the exciton density itself depends on theondensate in a random potential, and we discuss this as-
temperature and magnetic field for the fiXaf, (the exciton  sumption below. In the presence of a random potential, ex-
density is proportional ta, which depends on temperature citons are collected in local potential minima, forming lakes
and magnetic field The smoothness of the anomalous rapidwith an exciton density larger than the average density. The
exciton transport and large. * onsets seems to be mainly later was estimated to be aboutd@m™2 for We,=W,.
determined by the random potential, which results in théWith a reduction of temperature the exciton condensation
critical parameter inhomogeneity in the CQW plane. first occurs at lakes with a higher exciton density and smaller
As pointed out above, with a reduction of the excitonlocal potential fluctuations. We suppose that an increase of
density the exciton condensate and, correspondingly, the ethe average exciton density witl,, results only in a weak
citon superfluidity and superradiance, should disappear ancrease of the exciton density in the lake because of an
some critical density. The density dependence of the excitoimcrease of the exciton density outside the lake, and because
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citon density by about five timegaking into account two
times increase of), the rapid exciton decay/transport is still
observed, but becomes slower and disappears when the ex-
citon PL intensity drops only about two time§ig. 11).
Therefore, the difference between the effect of exciton den-
sity reduction with decreasing/,,, and with delay time on
the exciton decay and transport, is not large. We suppose that
the difference can be connected to the following: with delay
time excitons reach deep local potential minima and localize
there, this increase of the exciton localization also results in
the slowing of the rapid exciton decay and transport with
delay time.

The variations ofr, the exciton diffusivity obtained by the
time-of-flight technique, and-r_l, are qualitatively similar
for differentI'-X, AlAs/GaAs CQW'’s studied if the CQW
samples are characterized by relatively small potential fluc-
tuations which are revealed in the small PL linewidth. As
pointed out in Sec. |, an increase of potential fluctuations
should result in a reduction of the condensate lakes’ lateral
sizes and, ultimately, in the destruction of the exciton con-
densate. The variation of the measured parameters, in par-
ticular a disappearance of the rapid exciton decay and trans-
port under the sample degradation which results in an
increase of potential fluctuations, is considered in Appendix
C.

units)

wex=w0/ 10

lo,/Wey (arb.

1710 1730 1750
Energy (meV)

r— end of excitation pulse

IV. VARIATION OF EXCITON PL DECAY WITH GATE
VOLTAGE. STRONGLY INDIRECT REGIME

40 50 60 70 80 90 100 In Sec. IIl, indirect excitons a¥y=0 were considered.
Time (ns) The gated CQW'’s studied allow one to follow the variation
of the measured quantities with the gate voltage. In particu-
FIG. 11. The time-integrated PL spectfa) and the decay lar, a more indirect regime is realized at negatigg which
curves(b) of indirect excitons in the AlAs/GaAs CQWampleS2) s characterized by a lower transition ener@yg. 3) and a
at T=350 mK, V;=0, andB=14 T for excitation densitie8Vex  longer decay time for indirect excitons. This more indirect
=W,=10 W/cnf andW,,=W,/10. The PL intensities are normal- regime is considered in this section.

ized 10 We,. The normalized decay curve #le,=Wo/10, multi- The magnetic-field dependence of the indirect exciton PL
plied by 4.77, is also shown for comparison with the decayvat decay and spectrum afy;=-0.8 V and T=350 mK is
=Wo. shown in Fig. 12. The temperature dependence of the indi-
rect exciton PL decay af;=—0.8 V forB=6 and 14 T is
of an increase of the lake lateral size due to the screening ¢hown in Fig. 13. The corresponding temperature and
the random potential. This proposed weak dependence of tiieagnetic-field dependences of the indirect exciton initial de-
exciton density in the lakes d,, may explain the observed cay time, integrated indirect exciton PL intensity normalized
independence of the critical temperature and magnetic fieltp the PL intensity in the direct regime, and derived radiative
on We,. decay rate are shown in Fig. 14. Qualitatively the depen-
The variation of the PL decay and spectrum at high magdences are similar to those observe®¥gt0. The low level
netic fields and low temperatures with excitation density isof the PL intensity from the masked part of the sample at
shown in Fig. 11. Note that, at high magnetic fields and lownegativeV, did not allow us to measure the exciton diffu-
temperatures, the increase of the radiative decay rate witpivity directly by the time-of-flight technique. Similar to the
increasing exciton density is larger than the increase of th¥;=0 case, in the strongly indirect regime the measured
nonradiative decay rate; this results in a superlinear increagdecay time is approximately equal tq,. We believe that
of the exciton PL intensity with the excitation densifyig.  the relation betweerr and the exciton diffusivity also re-
112). mains valid in the strongly indirect regime, in analogy with
In this paragraph we discuss the relation between the de/y=0 data. The drop of with increasing magnetic field at
crease of the anomalously large exciton diffusivity with de-T=350 mK is more pronounced in the strongly indirect re-
lay time and withW,, reduction. With increasing delay time gime compared to th€,;=0 case: a¥/;=—0.8 V the initial
at W.,=W,, the rapid exciton decay/transport disappearsdecay time is reduced 14 times between 10 and 1#ig.
when the exciton PL intensity drops by about four times,14(e)], by comparison, a¥;=0 the reduction ofr between
which corresponds to the reduction of the exciton density bys and 14 T is only five timefFig. 9e)]. Also the drop ofr
not more than four time&Fig. 11). With a reduction ofW,,  with decreasing temperatureBt=14 T is more pronounced
by ten times, which corresponds to the reduction of the exin the strongly indirect regime: between 5088 K the initial
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FIG. 12. Magnetic-field dependence of the time-integrated Plygct regime Vo= —0.8 V) at W,=10 Wi/cn? (pulse duration 30
spectrum(a) and the PL decayb) of indirect excitons in the AIAs/ g B=14 T (a) and 6 T(b). Thin lines are the fitting curves for the
GaAs CQW (sampleS2) in the strongly indirect regimeV;= initial times of the PL decay.

—0.8 V) atT=350 mK andW,,= 10 W/cn? (pulse duration 30 ns

Thin lines are the fitting curves for the initial times of the PL decay. gphtained at cw excitation. Although the gate voltage depen-
dence ofB,, .4 is qualitatively similar for cw and pulsed ex-

decay time is reduced four times fafy=—0.8 V [Fig.  citations,By,,yis slightly higher at cw excitation for aWy's

14(f)], and only by two times foly=0 [Fig. 9f)]. This  [compare Figs. 1@&) and 18b)]. Presumably this is due to a

indicates a strong increase of the exciton diffusivity at lowlarger heating of the exciton system at cw excitation, result-

temperatures and high magnetic fields/gt=—-0.8 V. ing in an increase of the critical magnetic fields an

Quialitatively similar magnetic-field dependences of theincrease of temperature results in the increase of the critical
indirect exciton PL decay were observed at all gate voltagesagnetic field, see Fig. 10The shape of the observed gate
studied. The magnetic-field dependences of the indirect ex+oltage dependence of the critical magnetic field, character-
citon initial PL decay time and integrated indirect exciton PLized by the minimum a¥ =0, is not clear. We assume that
intensity normalized to the PL intensity in the direct regimethe reduction of the critical magnetic field at
are shown in Fig. 15 for differer¥y’s. At all studiedVy's, —1L2V<Vy4<-0.5 V and (<V4<0.2 V (no pronounced
the initial PL decay time and integrated PL intensity of indi- maxima in the integrated PL intensity was observed/at
rect excitons first increase and then reduce with increasing-0.2 V, due to approaching the direct regin@an be con-
magnetic field. The variations are similar to those/g=0,  nected with the gradual transition to a more and more indi-
and are connected with the magnetic-field dependence of raect regime, which improves critical conditions for the exci-
diative and nonradiative decay rates. Note that the magnetion condensation. We also assume that the local minimum of
field corresponding to the beginning of the dropmi.e., to  the critical magnetic field a¥;=0 can be connected with
the onset of the anomalously rapid indirect exciton transportthe local minimum of the potential fluctuations, e.g., due to
depends nonmonotonically oy [Fig. 15c)]. The critical  the absence of an electric-field inhomogeneity inztgrec-
magnetic field corresponding to the onset of the rapid excitotion caused by the gate operation unperfectness, as well as
transport is close to the field at which the maximum of thewith a reduction of an electric current across the CQW struc-
indirect exciton PL intensity is observe®,, [compare ture in thez direction. The effect of a random potential was
Figs. 18b) and 1%c)]. The gate voltage dependenceByf,,  discussed above. The large current through the condensate
is shown in Fig. 189). Note that Fig. 168) presents the data lake may destroy the condensate due to the heating effects,
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FIG. 14. Magnetic-field dependence of the radiative decay rate vs () =350 mK

of indirect excitons in the AlAs/GaAs CQWsampleS2) in the
strongly indirect regime\(g=—0.8 V) Tr’l=(l pL/1p) 71 (a), the
integrated PL intensity of indirect excitons normalized to the inte-
grated PL intensity in the direct regime, /I (c), and the initial
decay timer (e) at T=350 mK andW,,= 10 W/cn?. The tempera-
ture dependence af *=(Ip /1p) 7t (b), I, /1p (d), and 7 (f) at
Vg=—0.8 V, W,,=10 W/cn?, andB=6 and 14 T.

and due to the increased deviation from a charge neutrality.
Therefore, the reduction of both of the potential fluctuations
and the electric current at;=0 should improve the critical
conditions for the exciton condensation. Note that the non- 0 2 4 6 8 10 19 14
monotonic gate voltage dependence of the critical magnetic Magnetic Field (T)
field_ re§ults in "_i nonmc_)noton_ic gate voltagg dependen_ce of FIG. 15. Gate voltage dependence of the magnetic field corre-
the |nd|rec? exmt_on PL |n_tenS|ty and decay _tlme at the flXedsponding to the maximum of the indirect exciton PL intensity in the
m_agnetlc field(with the different shape at differef); see  Ajas/GaAs COW(sampleSL) at cw excitation aff =350 mK (a).
Fig. 15. Magnetic-field dependence of the integrated PL intendityand
the initial decay time(c) of excitons in the AlAs/GaAs CQW
(sampleS1) atT=350 mK for different gate voltages; the data at
Vg=+1V correspond to the direct exciton PL in the direct regime,
while the data at all othe¥y's correspond to the indirect exciton PL

A spectacular effect has been observed under cw photadn the indirect regime.
excitation in high magnetic fields, namely, a huge broadband
noise in the integrated PL intensity of indirect excitGis. the noise cannot be related to the fluctuations of the CQW
Figure 16 shows the variation of the integrated PL intensitypotential profile in the direction. The noise is observed only
of indirect excitons with sweeping magnetic fields &t in the indirect regime. The amplitude of the noise is repro-
=350 mk andVy=—0.5 V. The average variation of the ducible for the fixed parameter set.
integrated PL intensity under cw photoexcitation is similarto  The appearance of huge noise is strong evidence of the
that under pulsed photoexcitation: first an increase and thengresence of coherence in the exciton system. The noise am-
reduction ofl 5, is observed with increasing magnetic field. plitude is known to be inversely proportional to the number
This is connected with variations of radiative and nonradia-of statistically independent entities in a systétharge noise
tive decay times of indirect excitoriaote that, for the deter- amplitudes therefore denote that only a small number of en-
mination of B« in Sec. IV, the fluctuations in time were tities exists in the macroscopically large photoexcited region.
averageyl The power spectrum of the anomalously large The appearance of these macroscopic entities in the exci-
noise has a broadband spectringht inset to Fig. 16 The  ton system is consistent with the exciton condensation. A
noise is observed at low temperatuflft inset to Fig. 16. condensed lake can be considered as one macroscopic entity.
The spectral position of the PL line is practically constantDue to the high radiative decay rate of the exciton conden-
during the intensity fluctuationd=ig. 17), which shows that sate, the PL signal of condensed excitons is much higher as

V. FLUCTUATIONS OF INDIRECT EXCITON
PL INTENSITY
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16). Therefore, under continuous photoexcitation the lifetime

0.2 ] . .
1% (90000 T, 1 of the condensate lake is much longer than the exciton re-
3 0 - combination time, which denotes that during its lifetime the
001 <><> o, 013 condensate lake is in a quasiequilibrium: the exciton recom-
9 CEE R : C
20045 0 Z oot bination is compensated by the exciton collection into the
= O<><> i3 condensate. The mechanism of the appearance and disap-
0.0 — T T T : A
0 2 4 0001 oot o1 pearance of the condensate in the lake site is unknown. There
| T (K) f (Hz) is an indication that this is connected with the electric current

across the CQW structur@vhich may destroy the conden-
sate; see Sec. WVthe noise amplitude has a local minimum
atVy=0. We tentatively suppose that variations of the cur-
rent filament paths with time result in a fluctuation of the
electric current across the condensate lake site, which causes
the appearance or disappearance of the condensate in the site
depending on the electric current magnitude.

100 +

Integrated PL Intensity (arb. units)

V,=—0.5 V The noise is observed only on the left slope of thg(B)
o T=350 mK dependencéFig. 16), i.e., the noise appears in the range of
0 5 4 6 3 o 12 14 magnetic fields where, * starts to increase, and disappears
Magnetic Field (T) in the range of magnetic fields wherg* saturates and rapid

o _ ~exciton transport is observed. Therefore, the noise can be
FIG. 16. Magnetic-field dependence of the integrated PL inteny,nderstood as fluctuations near the phase transition con-

sity of indirect excitons in the AIAs/GaAs CQWgampleS1) atcw  nacted with an unstability of the condensate lakes.
excitation atT=350 mK, Vy=—0.5 V, andW,,=1 W/cn?. Left

inset: temperature dependence of the noise 1éseb )/(1p ) at
B=9 T. Right inset: power spectrum of the noise. VI. CONCLUSIONS

. ) The problem of exciton condensatidanalogous to the
compared to uncondensed ones. The formations and disaByse._Einstein condensation of bospris quantum-well

pearances of condensate lakes therefore result in fluctuatioRs,ctures was considered in this paper. The expected prop-
of the total PL signal. Note that large fluctuations of the totalg ties of the exciton condensate in QW's which can be de-

PL signal are possible because of the small PL quantumgycieq in pL experiments were discussed. In particular, the
efficiency of normal uncondensed indirect excitons, which

served on a time scale longer than secdingfit inset to Fig.  gjirect excitons in AIAs/GaAs CQW's at high magnetic field

were shown to be a good candidate for experimental obser-
vation of exciton condensation due to the combination of the

V=—05V B=9 T long exciton lifetime, small spatial separation between the
e ' electron and hole layers, relatively small potential fluctua-
fluctuation up tions in AlAs/GaAs CQW'’s, and the improvement of critical
conditions for exciton condensation by a high magnetic field.
2000 . 9 )
. The transport and luminescence of longlife indirect exci-
long time tons in AlAs/GaAs CQW'’s at conditions where the exciton
/] integrated condensation was theoretically predicted to occur, i.e., at low

/ \ temperatures and high magnetic fields, were studied. A set of
/ anomalies in the transport and luminescence of indirect ex-

fluctuation citons were observed at low temperatures and high magnetic

down ! fields: a large increase of the exciton diffusivity, a large in-
J K crease of the exciton radiative decay rate, and a huge noise in
7 \ the integrated exciton PL intensity. The observed anomalies
~ A were shown to be evidence of exciton condensation at low
g RPN temperatures and high magnetic fields; that is they indicate
01705 ' ' ‘ 1715 the onset of superfluidity.and superr_adiance of thg exciton
Energy (me\/) condensate. No explanation alternative to thg exciton con-
densation was found for the observed anomalies. No anoma-
FIG. 17. Long-time-integrated indirect exciton PL spectrum andli€s were observed at zero magnetic field, which means that
indirect exciton PL spectra integrated during 0.3 s in the nois¢he critical conditions for the exciton condensation are not
regime at cw excitation @=9 T, T=350 mK,V,=—0.5V, and ~ Overcome for indirect excitons in the considered AlAs/GaAs
W,,=0.5 W/cnt in the AlAs/GaAs CQWsampleS1). The spectra  CQW’s atB=0. As predicted theoretically, the role of the
were measured by a CCD camera. magnetic field is in the improvement of the critical condi-

1000

PL Intensity (counts/300ms)
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FIG. 18. Magnetic-field and temperature de-
pendences ofr, *=(lp /Ip)7* [(@) and (b)],
(IpLpuise/lp) 7, wherelp s is the PL in-
tensity integrated during the excitation pu(ge)
and(d)], and the PL rise fit coefficient, which is
proportional tor, * for the PL rise characterized
by one exponentsee text [(e) and(f)], for indi-

(lPL—puIse/ID)/T
(arb. units)

. rect excitons in the AlAs/GaAs CQWsample

T S2) atVy4=0.
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tions for the exciton condensation. The range of magnetitéM. Kagan, V. D. Kulakovskii, Yu. E. Lozovik, B. V. Svis-
fields studied can be divided into three parts. At low mag-tunov, and S. G. Tikhodeev for useful discussions. The work
netic fields both the exciton transport and the radiative decawas supported financially by the Russian Foundation of Ba-
rate are characteristic of normal uncondensed excitons in sic Research and the Program “Physics of Solid State Nano-
random potential: the exciton diffusion coefficient is in- structures” from the Russian Ministry of Sciences.
creased with increasing temperature, and the radiative decay
rate only weakly depends on temperature. At the highest
magnetic fields studied, both the exciton diffusion coefficient APPENDIX A: NONEXPONENTIALITY OF PL DECAY
and the radiative decay rate are anomalously large, and drop AND EXCITON RADIATIVE DECAY RATE
with increasing temperature; this behavior is consistent with DERIVATION
the expected exciton superfluidity and superradiance of the )
exciton condensate at low temperatures and high magnetic N the case of monoexponential PL decay
_flelds. At |nter_med|a_te magnetic fields, a huge noise in _the. Trfl:QD(llelD)Fl, (A1)
integrated PL intensity is observed under cw photoexcitation;
the noise is consistent with fluctuations near the phase tranvhere the quantum efficiency in the direct regin@p
sition connected with an unstability of the condensate lakes=1p/G, can be taken as unity when the variationof",
The range of paramete(magnetic fields, temperatures, and but not its absolute value, is studied; see Sec. IlIl. In this
exciton densitiesfor the existence of an exciton state char-appendix we consider the influence of the nonexponentiality
acterized by an anomalously large exciton diffusivity andof the indirect exciton PL decay on the exciton radiative
radiative decay rate was experimentally determined. It waslecay rate derivation.
found to be gqualitatively consistent with the expected phase The PL decay at large delay times is characterized by long
diagram of the exciton condensate in a random potential. Fadlifferential decay times which differ from the initial decay
a complete understanding of the observed anomalies, the etime used for the derivation o;fr’1 in Eqg. (Al). This differ-
perimental data should be compared with a theory of the 2[2nce is especially large at low temperatures and high mag-
exciton condensation in a random potential in finite magnetimetic fields. In Eq.(Al), the integrated PL intensity, which
fields, which is not developed at present. includes the PL decay at a large delay time, is used. To
understand the correction which is introduced by including
the PL decay at large delay times in the above derivation of
Tr’l we have completely excluded the PL decay after the
excitation switching off from Eq(Al). This was donédi) by

The study of indirect excitons in high magnetic fields wasreplacinglp| by lp _pyise in EQ. (A1), which is the indirect
started in collaboration with G. Abstreiter, G."Ba, M.  exciton PL intensity integrated only during the 50-ns excita-
Hagn, G. Weimann, and A. Zrenner in the Walter Schottkytion pulse, andii) by fitting of the indirect exciton PL rise
Institute in Garching, and we are grateful to our colleaguedy the single-exponent rate equation Witﬁl as a fitting
for their contribution at the earlier stage of this work. We parametefthe deviations from the single-exponent PL rise at
thank G. E. W. Bauer, A. B. Dzyubenko, A. Imamoglu, Yu. the initial times of the excitation pulse were disregarded, and
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the fitting was done for the latest times of the excitation
pulse; see the thin lines in Figs. 4, 7, and l8ote that both
these methods are not correct for the derivatiorr,of, but
they allow one to show that the nonexponentiality of the
indirect exciton PL decay introduces only unimportant cor-
rections to the variations of, ! derived by Eq.(AL).

The magnetic-field and temperature dependences’bf
=(lp/1p) 7, (IpL—puise/Ip) 7%, and the PL rise fit coef-
ficient, which is proportional tca-r_1 for a PL rise character-
ized by one exponent, are shown in Fig. 18. The depen-
dences are qualitatively similar, and differ from each other

6
only quantitatively. Therefore, the indirect exciton PL with a A\
long delay time and, consequently, the nonexponentiality of % .

PL Intensity

the PL decay, results only in unimportant quantitative cor-
rections to the variations af, * derived by Eq(A1). This is
mainly due to the large magnitude of the radiative decay rate
variations with magnetic field and temperature.

728 1738
Energy (meV)

APPENDIX B: INDIRECT EXCITON TRANSPORT
AND NATURAL QUANTUM DOTS FIG. 19. Magnetic-field dependence of the PL spectra in the

indirect regime ¥4=—0.1 V) at cw excitation with a small exci-

Zero-dimensionalOD) direct excitons in the GaAs QW tation spot(~100 um?) for the AlAs/GaAs CQW(sampleSl).
localized in local deep potential minima caused by the interThe narrow lines which are seen on the background of the broad
face fluctuations, i.e., in natural quantum d¥#QD’s), may line correspond to the PL of direct excitons in the natural quantum
be in energy resonance with indirect excitéhdhe emis-  dots, while the broad line corresponds to the indirect exciton PL.
sion spectrum of 0D direct excitons in NQD’s has the shape
of narrow lines characteristic of a OD density of states. These
lines can be separately resolved in the PL spectra with highetic field, while atB=B,,, it is increased with field. As
spatial resolution, due to a small number of NQD’s in theshown in Sec. Ill, the exciton diffusivity is reduced Bt
excitation spot. This number is effectively reduced in the<B,,,,, and increased &= B, ., With increasingd. There-
indirect regime due to the resonant injection of carriers intdfore, the increaséreduction of the NQD PL intensity cor-
the NQD’s which are in energy resonance with indirectresponds to the increageeduction of the exciton diffusiv-
excitons!’ The relation between the NQD emission and theity. This corresponds to the expected behavior: the increase
observed anomalies in transport and luminescence of indiredif the exciton diffusivity results in the more effective exciton
excitons is discussed in this appendix. transport to NQD'’s, and to the consequent increase of the

The NQD’s can be considered as radiative centers, diSNQD PL intensity.
cussed in Sec. Ill. Therefore, their PL intensity should be Note that the contribution of the NQD emission to the
connected with the exciton diffusivity; see Sec. lll. The magnetic field and temperature dependences of the indirect
magnetic-field dependence of the PL spectrum in the indireaéxciton radiative decay rate, discussed in Sec. lll, is not cru-
regime (/g=—0.1 V) at cw excitation with a small excita- cial, and can be neglected for the qualitative understanding
tion spot (~100 um?) is shown in Fig. 19. The narrow lines of the dependences. This [® due to the small influence of
which are seen on the background of the broad line correthe coupling between the radiative centers and the exciton
spond to the PL of direct excitons in NQD'’s, while the broadtransport on the observed variations of the indirect exciton
line corresponds to the indirect exciton PL. The condition atradiative decay rate which was discussed in Sec. IlI, @nd
which the NQD emission can be resolved in the spectra, i.ehecause the qualitatively similar dependences for the indirect
the small excitation spot and consequent high excitation derexciton radiative decay rate are observed for all gate voltages
sity, is not optimal for the observation of the anomalouslystudied (Secs. lll and IV which are characterized by the
large exciton diffusivity and radiative decay rate, mainly duedifferent energy separation between direct and indirect exci-
to a heating of the excitation spot and the too-high excitortons and, consequently, very different amount of NQDs reso-
density (for cw excitation with the large~ 150X 150-unm? nant to the indirect exciton energ@the NQD density is given
excitation spot, the disappearance of the anomalies was oby the density of localized states in the GaAs QW, which is
served at a high excitation level corresponding to the plasmeuickly reduced with the energy reduction below the direct
regime. Still a small increase followed by a reduction of the band edg#).
indirect exciton PL intensity with magnetic field can be seen
in Fig. 19. These variations of the indirect exciton PL inten-
sity reflect the variations of the exciton transport and radia- APPENDIX C: SAMPLE DEGRADATION
tive decay rate, with the intensity maximum approximately
corresponding to the onset of the rapid exciton transport; see The studied AlAs/GaAs CQW samples were found to de-
Secs. lll and IV. Figure 19 shows thatBtsB,,,,,~9 T the  grade with time. The degradation is strongly increased after a
intensity of NQD emission is decreased with increasing magmesa is fabricated by lithography processing, and has a char-
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which is the same mesa as samf but measured about
B=12T \ one year after the mesa processing. The intensity is normal-
(R L ized to the direct exciton PL intensity, whose spectrum re-
S one vear old mains unchanged over a few years of observation. Figure
1=1.5% 20(b) shows that the rapid exciton decay, corresponding to
the anomalously rapid exciton transport, observed at high
magnetic field B=12 T in the figure is strongly suppressed
for sampleS3 which is characterized by the large potential
fluctuations. That is, with a delay time the rapid exciton de-
cay and transport is more quickly changed by the slow exci-
ton decay and transport for sam@8 compared to sample
S2 [Fig. 2Qb)]. The slow exciton decay implies the absence
of the percolation between the superfluid lakes on a scale of
ps the distance between NC'®r the absence of superfluid
1710 1730 1750 lakes at all. Therefore, the observed difference between
Energy (meV) samplesS2 andS3 is consistent with the expected behavior
of the exciton condensate in a random potential: for the

I~ end of excitation pulse b larger potential fluctuations the percolation between the su-
perfluid lakegor the superfluid lakes themselyebsappears
T more quickly with the exciton decay, as the exciton conden-
. sate in the larger random potential is characterized by the
smaller superfluid lakes; see Sec. I. The influence of the
sample degradation on the PL decay in the normal regime
(B=0) is relatively weaKFig. 2ab)].

Note that the detailed diagram of Fig. 10 was measured
104 et for sampleS3. The diagram for sampl82 is expected to
have a sharper boundary between the state characterized by
the anomalously large exciton diffusivity and the radiative
decay rate, i.e., the exciton condensate, and the normal exci-

ton state due to the smaller potential fluctuati@nsications
60 70 80 90 100 of this can be seen from a comparison of Figs. 9 and 10
Time (ns) The noise in the integrated PL intensity of indirect exci-
tons disappears first with the sample degradation. No noise

FIG. 20. Time-integrated PL spectf@ and PL decay curve®)  was observed in sampk3, characterized by large potential
of indirect excitons in the AlIAs/GaAs CQW/=0) for sampleS2  fluctuations. The noise in samp& (which is a mesa pro-
measured just after the mesa procesdiingsh; and sampleS3,  cessed a year before sam@2 from the same substrate, and
which is the same mesa measured about one year after the megfeasured just after the processing’ indirect excitons in
processingone year oltl We,=10 W/cn?, and the pulse duration samplesS1 and S2 have the same linewidth at the same
is 50 ns. external parameters and are characterized by the similar be-

havior disappeared in about five months after the mesa pro-

cessing; the new mesa processed after the noise disappear-
acteristic degradation time of a year. The origin of the deg-ance in sampl&1 from the same substrate and measured just
radation is not clear. It is likely connected with the AlAs after the processing still showed the noise, which was, how-
layer, as no analogous degradation was observed in CQWver, reduced in amplitude, and was observed in the nar-
of a type which do not contain the AlAs layer. The degra- rower parameter range. We have not performed cw experi-
dation manifests itself in an increase of the PL linewidth ofments on sampl&2. The disappearance of the noise prior to
indirect excitons; e.g., in one year the linewidth approxi-the disappearance of the anomalously large exciton diffusiv-
mately doubles; see Fig. &). This implies that the degra- ity and radiative decay rate with increasing potential fluctua-
dation results in an increase of the potential fluctuations irtions is consistent with the expected behavior of the exciton
AlAs/GaAs CQW's. condensate in a random potential: a large noise can be ob-

The degradation limits the time for the experiments on theserved for a small number of large condensate lakes; the
particular mesa; however, it also has some positive effect—itncrease of potential fluctuations results in a reduction of the
allows one to follow the variation of the measured quantitiedake lateral sizes and, presumably, in an increase of their
with an increase of the potential fluctuatiowehich is, how-  number, due to the dividing of the large lakes into several
ever, uncontrollable Figure 2@b) presents a comparison of small lakes; this large number of smaller lakes can still result
the indirect exciton PL decay for samp&2, which was in an anomalously large exciton diffusivity and radiative de-
measured just after the mesa processing, and saBgle cay rate.
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