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Abstract

The thermalization and photoluminescence (PL) dynamics of indirect excitons
in GaAs/AlGaAs coupled quantum wells (QWs) at very low bath temperature,
T, < 1 K, are analysed theoretically and modelled numerically in order to
clarify the origin of the recently observed sharp increase of the PL signal (PL-
jump) right after a high-intensity excitation pulse. We conclude that the PL-
jump effect is mainly due to classical cooling of indirect excitons after the pump
pulse, which heats the exciton system. Thus the effect cannot unambiguously be
attributed to bosonic stimulation of the scattering processes into the ground-state
mode p; = 0. Itis argued that the narrowing effect, i.e. an effective screening of
in-plane QW disorder by dipole—dipole interacting indirect excitons, naturally
explains the observed strongly nonlinear dependence of the PL rise time
on the pump intensity. We also discuss and analyse an evaporative optical
heating/cooling effect: the change of the effective temperature 7' of indirect
excitons, due to their resonant optical decay.

1. Introduction

At present there are a lot of research activities searching for Bose—Einstein condensation
(BEC) or BEC-like phase transitions of QW excitons or microcavity polaritons in GaAs-
based nanostructures [1]. A system of indirect excitons in GaAs/AlGaAs coupled quantum
wells is a unique candidate for the experimental realization of nonclassical, Bose—FEinstein
(BE) statistics for quasi-two-dimensional (quasi-2D) composite bosons with a well-defined
in-plane momentum of the translational motion. This is due to a long radiative lifetime of the
particles and effective screening of QW disorder by dipole—dipole interacting indirect excitons.

For a dilute (quasi-) equilibrium gas of QW excitons the degeneracy temperature 7 and
chemical potential u,4 are given by

21 ([ 1?
Ty = ?]T (E) nog and MHad = kBTlll (1 — eiTO/T) s (1)
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where g, My, npg and T are the spin-degeneracy factor, in-plane translational mass,
concentration and temperature of excitons, respectively. For indirect excitons in GaAs coupled
QWs the exchange interaction is extremely weak, so that g = 4. In the presence of a strong
magnetic field H, applied perpendicularly to the QW plane (the case we also analyse in this
paper), the in-plane exciton mass becomes H  -dependent, Mx = Mx(H ), and removal of the
spin degeneracy occurs, i.e. g = 1. A crossover from classical to quantum, BE statistics takes
place at T >~ Tj. The distribution function of QW excitons, normalized to give a total number
of particles, is
— e /T
= @

eb/tel 4 e~lTo/T — 1]
where E = (h* pﬁ) /(2My) and 7ipj is the in-plane momentum. According to equation (2), the
occupation number of the ground-state mode p; = 0 is

Npu:() = Ne—o = e/t —1. 3)
For T « Ty, equations (1) and (3) yield ptoqg >~ —kgTe~ /T — 0 and exponential, explosive
population of the ground state mode with decreasing 7. This can probably initiate BEC (in a
finite-size, mesoscopic in-plane trap) or BEC-like phase transitions.

A strong increase of the PL signal from nonresonantly photogenerated indirect excitons,
right after a rectangular pump pulse, was observed in optical experiments with GaAs coupled
QWs at 0.05 K < Ty, < 15K [2, 3]. In particular, for the extremely low cryostat temperature
Ty, = 50 mK, reported in [3], a phonon vacuum is nearly realized for LA-phonons involved
in the thermalization of indirect excitons. The above effect of transient rise of resonant
photoluminescence from indirect excitons is called a PL-jump. The observed nonlinear
behaviour of the PL-jump, against the optical pump intensity, has mainly been interpreted
in terms of stimulated scattering of excitons into the low-energy states with p; >~ 0 [3].
According to the experiments, the PL-jump effect disappears with increasing bath temperature
Ty, and with decreasing maximum density of indirect excitons, ny;~ (i.e. with decreasing pump
intensity).

Indirect magnetoexcitons in GaAs/AlGaAs coupled QWs [4—-6] provide us with an
additional degree of freedom in studying the relaxation and PL dynamics. In particular, the
in-plane translational mass of indirect excitons can be considerably enhanced by applying a
strong magnetic field perpendicular to the quantum wells: My = My(H,) increases with
increasing H;. According to the experiments [2, 3], the PL-jump contrast decreases with
increasing H .

In the first optical experiments [7, 8] with indirect excitons in GaAs coupled QWs the
inhomogeneous linewidth of the PL signal was large, 71T "jjpom =~ 3—6 meV, i.e. even larger than
the exciton binding energy, €x = 3-5 meV [9]. In current high-quality structures an average
inhomogeneous broadening is 7 lijhom = 0.7-1 meV, i.e. much less than €. As it is shown
in [10] and in the present paper, I'jynom can further be considerably reduced for nyq > 10'°cm™2,
due to the screening of QW disorder by dipole—dipole interacting indirect excitons. This
justifies the thermodynamic description with equations (1)—(3), i.e. the description given in
terms of a well-defined in-plane momentum p| even for low-energy indirect excitons.

In this paper we study relaxation and PL dynamics of indirect excitons in GaAs-based
coupled QWs at very low Ty, aiming

Ng =

(i) to understand the origin of the PL-jump and, in particular, to clarify to what extent this
effect can be attributed to bosonic stimulation of exciton scattering,

(i) to discuss the screening of QW disorder by dipole—dipole interacting excitons and to show
that for 7,4 > 10'° cm~2 and low T the in-plane random potential is strongly weakened,
and
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Figure 1. Schematic of the single-particle energies relevant to the relaxation and PL dynamics
of indirect excitons in GaAs/AlGaAs coupled quantum wells. The exciton dispersion is hwy =
hw + E(p)), where E = (n? pﬁ) /(2My) is the exciton kinetic energy (solid curve); the photon
dispersion, iw, —hw, = (hcp)//ep—hwy, is shown by the dashed lines; the LA-phonon dispersion,
hwpa = hvgp, is shown by the dash—dotted lines. The low-energy exciton states, £ < E,,
which are resonantly coupled with the bulk photon modes, are marked by the bold solid curve.
The following parameters relevant to GaAs QWs are used in the numerical calculations: vy =
3.7 x 10° cm s~ and My = 0.3 mg (my is the free electron mass), so that pg =~ 1.92 x 10°> cm ™!
and Eg >~ 46.7 pueV (Eo/kp = 0.54 K); e, = 12.9 and hiwy(p) = 0) = hw = 1.55 eV, so that
ko ~2.82 x 10° cm~! and E, >~ 101 peV (E, /kg = 1.17 K).

(iii) to propose and analyse an evaporative optical heating/cooling mechanism for QW excitons.

The underlying physical picture we use refers to the relaxation thermodynamics [11] and
assumes a hierarchy of interactions, i.e. that the QW exciton—QW exciton scattering is
more efficient than the interaction of QW excitons with bulk LA-phonons. This means that
thermalization of QW excitons occurs through the quasi-equilibrium thermodynamic states,
which are completely characterized by the effective exciton temperature 7 and concentration
nyq (or degeneracy temperature 7). The relaxation thermodynamics of indirect excitons deals
with 10° cm™2 < nyq < 10 cm™2 [11]. These concentrations are relevant to the optical
experiments [2, 3].

Apart from the bath temperature Ty, there are four control energy parameters in the
thermalization and PL dynamics of indirect excitons: kg7, kgTo o< nog, Eo and E, (see
figure 1). Bulk LA-phonons couple the ground-state mode p; = 0 with the exciton energy
states £ > Ey = hvspo = 2Mx vsz, i.e. with the exciton energy states which are located inside
the LA-phonon dispersion cone. Here vy is the longitudinal sound velocity. Only low-energy
indirect excitons, 0 < E < E,, from the radiative zone |p;| < ko can decay resonantly into
the bulk photon modes. The photon wavevector kg is given by kg = (w,/ép)/c, where &y is
the background dielectric constant (see also the caption of figure 1).

In section 2 we discuss LA-phonon-assisted relaxation thermodynamics of indirect
excitons for low bath temperatures, kg7 < Ey. Both classical and quantum mechanisms of
slowing down of the thermalization processes are discussed. In section 3 the resonant optical
decay of low-energy indirect excitons is considered with detailed analysis of the radiative decay
of ultra-cold particles, when kg7 < E,, and/or T < Ty. By analysing the quantum diffusion
equation, in section 4 we demonstrate an effective screening of interface long-range-correlated
QW disorder, i.e. the narrowing effect, by dipole—dipole interacting indirect excitons. In
section 5 the PL-jump effect is modelled and attributed to the combination of nearly classical
cooling of indirect excitons after the pump pulse and the narrowing effect. In section 6
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the evaporative optical heating/cooling processes are analysed for indirect excitons in GaAs
coupled QWs. Finally section 7 summarizes our conclusions.

2. Relaxation thermodynamics of QW excitons at low temperatures

The relaxation thermodynamics of QW excitons is given by [11]

2
ET:_z_ﬂ T_ e /T / dee
at Tse \ 1o

SEO/kBTb _ SEO/kBT

a e(e — 1))‘

“)

(eé‘E()/kBT +67T0/T — 1) (eEEO/kBTb _ 1)

where 7. = (7%h*p)/ (D2 M3vy) is the characteristic scattering time, p is the crystal density
and Dy, is the deformatlon potential of exciton—-LA-phonon interaction. The form-factor
F.(x) = [sin(x)/x]le* /(1 — x*/m?)] refers to an infinite rectangular QW confinement
potential. This function describes the relaxation of the momentum conservation law in the
z-direction (the QW growth direction) and characterizes a spectral band of bulk LA-phonons,
which effectively interact with QW excitons. The dimensionless parameter @ ~ 1 is given by
a = (d;Mxvs)/h, where d, is the QW thickness.

Equation (4) describes the thermalization dynamics, T = T (¢), of QW excitons from the
initial effective temperature 7; = T'(+ = 0) to the bath temperature 7}, under the assumption
that the total number of particles is conserved. For a classical gas of QW excitons, when 7" and
Ty, are much higher than the degeneracy temperature Ty, equation (4) gives a thermalization
time rth of 2-3 orders of magnitude less than that in bulk GaAs. The effective cooling of QW
excitons in the presence of a bath of bulk thermal phonons is due to the relaxation of momentum
conservation in the z-direction (see the form-factor F, on the right-hand side of equation (4)):
the ground-state mode p; = 0 of QW excitons couples to the continuum exciton states E > E
rather than to the single energy state E = Ej as occurs in bulk materials. For kgT, > Ey, the
thermalization time T&l is in a few picoseconds timescale, and works in favour of the effective
population of the low-energy exciton states. However atlow bath temperatures kg Ty, < Eo, 7
increases exponentially with decreasing Ty, i.e. 'C o exp(Eo/ksTy). This effect of classwal
slowing down of the relaxation kinetics is due to the exponentially small occupation of the
exciton states £ > Ej, which can populate the ground-state mode by LA-phonon-assisted
Stokes scattering (excitons with energies E < E/4 cannot emit LA-phonons at all). For
well-developed Bose—Einstein statistics, when T < T, equation (4) yields quantum slowing
down of the thermalization process, so that . th ~ (Ty/ T)'C [11].

Linearization of the thermodynamic equation (4), which deals with the described above
exponential thermalization, T = T, + (T} — Ty)e~"/™  does not hold when |T — Ty|/ T, >
kg T,/ Ey and, in particular, for 7, = 0. For zero bath temperature equation (4) reduces to

2 00 — 5
dp__m (T_> (1 _e—Tu/T)/ e, |- £ 1 |F:(ave(e — )]
| -

ot Toe ecEo/keT 4 e=To/T — 1~

(&)

To
Equation (5), which describes how QW excitons cool down towards T, = 0, can further be
simplified for kg T less than E( and kg Ty. In this case one gets

12
8 2P (TN (TN ©
ot Tee To Ey

The right-hand side of equation (6) is proportional to e £o/%sT (classical slowing down)
and inversely proportional to 7y (quantum slowing down). In the dimensionless variables,
temperature 7 = kT /Ep and time 7 = (2713/2E0t)/ (kg Tots), equation (6) reads as
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Figure 2. Thermalization dynamics, T = T (¢), of QW excitons at 7, = 0 K. The initial exciton
temperature 7} = T(t = 0) = 3 K; nyg = 10° cm~2 (dashed curve), 10’0 cm~2 (solid curve)
and 10" cm~—2 (dash—dotted curve). The degeneracy temperature Tp o nag is equal to 0.46 K for
naq = 10'° cm=2. In addition to the GaAs parameters listed in the caption of figure 1, we use
d; =8nm, Dgp =82eVandp =53¢ em™3. Inset: population dynamics of the ground-state
mode, Ng—g = Ng—o(1).

dT/dt = T3¢ VT, Thus, the solution T = T (¢) of equation (6) is given by the
transcendental equation:
- 2m3% [ Ey
F(T =kgT/Ey) =1+ C; = t+Cj, 7
Tsc kg Ty

where F(x) = [1//x — Ds(1//x)]e!/* and Ds(y) = e’ foy dre'” is Dawson’s integral.
The integration constant Cj is determined by the initial condition 7; = T(t = 0) < Ey/kg,
ie. Ci = F(kBTi/Eo).
According to equation (7), for t > [(kgTp)/(2m3/? Ey)]ts the asymptotic solution of
equation (6) is
Ey
In[(273/2 Egt) / (kg ToTse)]

ie. T(r) = 1 /In(7) for t > 1. Both factors, classical and quantum slowing down of the
relaxation kinetics, together with the need to accumulate a huge number of QW excitons in
the ground-state mode p; = 0, due to BE statistics, are responsible for the nonexponential
and extremely slow thermalization law 1/1In(t) for 7, = 0. The corresponding occupation
kinetics of the ground-state mode for 7 > 1 is given by

Ng—o(t) = theTo/Eo, )

The nonexponential population law (9) of the ground-state mode E = 0 is similar to that
found for thermalization of excitons in bulk semiconductors at 7 < Tt [12, 13]. Equation (9)
is also consistent with a generic solution of the LA-phonon-assisted relaxation kinetics of QW
excitons at low densities (124 < 10° cm~2 for GaAs QWs) [14].

The results of numerical simulations of the thermalization dynamics at 7, = 0, calculated
with equation (5), are plotted in figure 2 for nyg = 102, 10'9 and 10" ¢cm~2, and for the same
initial effective temperature 7; = 3 K. After the first transient relaxation of relatively hot QW
excitons, which lasts a few nanoseconds, the thermalization dynamics reveals the density-
dependent 7 ~ 1/1In(¢) law given by equation (8). According to equation (9), the power-law
population dynamics of the ground-state mode p; = 0 becomes particularly effective for
kgTy > Ej (see the inset of figure 2), i.e. in the high-density limit.

kgT (1) = ®)
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At very large delay times the thermalization law becomes 1 /¢ [15], and starts to dominate
over the 1/ In(7) relaxation dynamics described above. The 1/¢ thermalization law is due to the
exciton—exciton scattering processes, which are treated beyond the relaxation thermodynamics
used in our study. Furthermore, the 1/ 1In(#) (and later on, 1/¢) thermalization dynamics cannot
be completely realized in GaAs coupled quantum wells, due to the continuous optical decay
of low-energy QW excitons. The latter usually deals with a 10 ns timescale [7, 8]. For the
same reason, as we demonstrate below, the occupation numbers Ng—o > 100-200 are highly
unlikely to occur. There is also no need to keep the cryostat temperature at extremely low
Ty = 50 mK, because within the optical lifetime of QW excitons, 7oy, the effective exciton
temperature T is far above 0.1 K (see figure 2). For example, for n,q = 10'' cm~2 one has
T(t =10ns) ~ 0.59 K.

3. Optical decay of statistically-degenerate QW excitons

In high-quality QWs a quasi-2D exciton can emit a bulk photon only from the low-energy,
radiative modes, which are located inside the photon cone k = k(w) = ({/epw)/c ( is the
frequency of the light field). Thus the radiative zone of QW excitonsis givenby p; < ko, where
ko = k(wy) corresponds to the crossover point between the photon and exciton dispersions (see
figure 1). Similar to the thermalization kinetics, the optical evaporation of QW excitons is also
sensitive to Bose—Einstein statistics of the low-energy radiative states [11]. The effective
radiative decay rate of BE-distributed QW excitons, "oy, is given by

_— 1 1 /(E /' 1422 q (10)
ot = Topt _2‘L'R kg Ty 0 Ae=ZE /T _ | @

E,/ksT

where

(1)

and ty is the intrinsic radiative lifetime of ground-state QW excitons with in-plane momentum
np; = 0. Equation (10) takes into account the equal probabilities of the in-plane T- and
L-polarizations of optically-active QW excitons (or, in other words, the equal populations of
the o™~ and o~ -polarized QW exciton states). The two-fold optically-inactive, ‘dark” QW
exciton states are included in equation (10) through the degeneracy temperature 7, which is
proportional to the total concentration npq of QW excitons.

For the high-temperature limit, when kg7 is much larger than kg7p and E,, the QW
excitons are Maxwell-Boltzmann distributed (see equation (2)), and equation (10) yields the

effective radiative lifetime tg})l:

3kpT 9 3kTp
= (Eg—y)n{+(m - ZV )rR. (12)

The first, leading term on the right-hand side of equation (12) is the well-known estimate of
the optical lifetime, Top = O (BkgTtR)/(2E,), in the limit of well-developed classical

opt
statistics of QW excitons. The optical lifetime r(fll)io) is much larger than the intrinsic radiative
lifetime tr, because for 7 > Ty, E, /kg only a small fraction of QW excitons occupy the
radiative modes p; < ko. The temperature-independent correction to tgllﬁ, given by the
second term on the right-hand side of equation (12), consists of the concentration-independent
and concentration-dependent contributions of opposite signs. The concentration-dependent
contribution, which is proportional to the degeneracy temperature 7y, originates from BE
statistics of QW excitons. Thus the influence of nonclassical statistics can be traced in the

photoluminescence of QW excitons even for high temperatures.

€
A=AT, Ty = m,
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Figure 3. The optical decay time of excitons in GaAs
coupled QWs, 7op, against the cryostat (bath) temperature
Ti,: numerical evaluation of equation (10) (solid curve) and
experimental data (circles with error bars). The intrinsic
. i , | radiative lifetime of QW excitons is given by TR = 6.75 ns.
100 1 ) The density of QW excitons, nog = 2 x 1010 cm=2,
used in the numerical calculations, is relevant to the pump

Th (K} intensities used in the experiments [2, 3]. From [16].

For strongly statistically-degenerate quasi-2D excitons, when T < T, equation (10)
yields the quantum limit of gp:

rd =1—£+£1n 4y | Do (13)
opt To To \ksT)]|2°

where I'g = 1/tr. The second and third terms in the square brackets on the right-hand side
of equation (13) are small temperature-dependent corrections, i.e. Ff)lpl(T — 0) = T'y/2.
An accumulation of QW excitons with occupation numbers Ng >> 1 in close vicinity of the
ground-state mode p; = O givesrise to the above limit. Thus, the optical decay time of highly-
degenerate QW excitons is given by r(?pt(T — 0) — 2tr. Thefactor2 in the above expressions
for ngt and r;lpt is due to the optically-inactive QW excitons. For T < E, /kg >~ 1 K (for
GaAs QWs with no magnetic field applied to the structure), the effective radiative lifetime 7op
approaches 2tx nearly independently of the degree of quantum degeneracy.

Figure 3 shows the comparison of 7oy, calculated with equation (10), and the optical
lifetime of indirect excitons in GaAs coupled QWs, measured at very low cryostat temperatures,
50 mK < 7, <2 K [16]. The calculated dependence Top = Topt(71,) does reproduce in detail
the measured values of 7oy In particular, Top > 21g for 7y, < E, /kg =~ 1 K and Top o T
for T, > 1 K, according to equation (12). Even a local minimum of 7,y (73), described
by equation (13) for statistically-degenerate QW excitons, has been observed at low cryostat
temperature T, >~ 0.5 K (see figure 3). In the numerical evaluations of equation (10) we assume
T =T, and nyg = 2 x 10'° cm=2. The only critical fit parameter used in the calculations is
the intrinsic radiative lifetime: tr = 6.75 ns. In fact the experiments with low T, < E,, /kp
allow us to measure the intrinsic radiative lifetime tg of indirect excitons.

4. Screening of the QW interface disorder by indirect excitons

The inhomogeneous linewidth of the PL signal associated with the resonant optical decay of
indirect excitons in high-quality GaAs/AlGaAs coupled QWS, 71 phom = 0.7-1 meV [2, 3], is
still much larger than the homogeneous linewidth 7Ty, = £, > 0.1 meV. The above values
of Tinhom and Thom are relevant to indirect excitons at low, helium bath temperatures 7y and
low concentrations n2q < 10° cm~2. Because N mnom 1S larger than the control parameters
of the model, Ey and E,, a natural question arises as to what extent our theory is adequate to
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explain the experimental results. In this section we discuss the narrowing effect—an effective
screening of QW disorder by dipole—dipole interacting indirect excitons. The in-plane diffusion
of indirect excitons in the presence of a spatially-fluctuating QW potential gives rise to the
screening effect. A quantum diffusion equation, analysed below, describes the narrowing effect
for long-range-correlated disorder.

The nonlinear quantum diffusion equation for indirect excitons in (GaAs) coupled QWs
is given by [10]

0 2 (M,
g;d — VI:D)((Zd)V”zd + = <h_2> (eTo/T _ 1) D)((Zd)v (Mol’lza + UQW):| — Foplnzd +A, (14)
T

where I'ope = 1/70p is given by equation (10), D)((Zd) = D)((Zd) (T, Tp) is the diffusion coefficient
of QW excitons, A is the generation rate of excitons, Uqgw is the in-plane QW potential, and
the operator V is defined in terms of the in-plane coordinate, ry = {x, y}. The in-plane
random potential Ugw = Upana (1)) is due to the QW thickness and alloy fluctuations. The
drift motion of QW excitons is proportional to V U, where Uer = ugnaq + Ugw (see the last
term in the square brackets on the right-hand side of equation (14)). The mean-field energy,
Ut = uonag, is due to the well-defined dipole—dipole repulsive interaction of indirect excitons
(the indirect excitons can be interpreted as an in-plane ensemble of identical dipoles oriented
normal to the QW structure). The potential uq is not sensitive to the internal spin structure

of indirect excitons and is given by uy = (27th2dz)/(,uxa§2d)) = 471(e2/8b)dz. Here uy and
a)((Zd) = (h%ey)/ (2uxe?) are the in-plane reduced mass and Bohr radius of excitons, respectively.

It is the mean-field interaction energy uonoq that is responsible for the screening effect. The
underlying physical picture is that the QW excitons tend to accumulate near the minima of
Urana (1)) (local increase of ugn,q(r))) and to avoid the maxima of U (1)) (Iocal decrease of
uonaq (r)). Note that for the GaAs coupled QW structures, used in the experiments [2, 3], one

estimates U') = uonl) ~ 1.4-1.6 meV for n{) = 10'0 cm2,
In order to analyse the narrowing effect analytically, we put Iy, = O (no optical decay
of excitons) and A = 0 (no source of excitons). In this case, a steady-state solution rn,q4 of

equation (14) yields for average concentrations such that n;%) > |Urana ()| /uo:

+ Urand (rll)

L+ [2M)/(xh)]E/T — 1y’
where Uegr = Upana (1)) +uon24 (1)) is the effective, screened in-plane potential. The narrowing
effect for the long-range-correlated random potential is described by the second term on the
right-hand side of equation (15). For uon(zg) > |Urand| the denominator of the second term

is much larger than unity. In particular, for classical statistics, when 7' >> Ty, equations (14)
and (15) yield

5)

(0)
Uetr = uonyy

0
o Urand (rII )ngd)

Urana (r))k T
N2 (X)) = nyy 0 —
2d

0)°
2d

©

Uetr () = uonl) + (16)

kgT + ugn kgT + ugn

For uongg) > kgT, equation (16) describes strong suppression of the potential fluctuations:
Urand(r)) — K Urana(r)), where « = (kgT)/ (uonég)) <« 1. Due to the exponential function
exp(7Tp/ T) on the right-hand side of equation (15), the screening effect becomes particularly
strong in the quantum regime, when Ty > T'. Figure 4 shows the effective potential U (x) and
concentration of excitons n,4(x), calculated with equation (14) for a model one-dimensional
long-range-correlated random potential Upng(x) (bold solid curves in figure 4), and realistic

values of n;%), Dfd), T, Topt and |[Urana| ~ 0.5 meV. According to figure 4, for the average

density n;%) ~ 10'° cm~2 and exciton temperature 7 ~ 1 K the long-range-correlated in-plane
disorder is already drastically screened and relaxed.
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Figure 4. Temperature dependence of the narrowing effect, due to screening of long-range-
correlated disorder by dipole—dipole interacting indirect excitons in GaAs coupled QWs. The
diffusion coefficient D)(fd) = 100cm? s, the optical lifetime Topy = 20 ns and the generation rate
A =5x10% cm™2 ns~!, so that the average concentration of indirect excitons ”;?1) ~ 109 cm~2.
(a) The effective potential Uesr(x) = Urand(x) + uonaq(x) and (b) local concentration noq(x)
against the in-plane coordinate x. The exciton temperature is 7 = 10 K (dotted curves), 1 K
(dashed curves) and 0.1 K (thin solid curves). In both figures the input, unscreened potential
Urand (x) is shown by bold solid curves (note that in the upper figure Urang is shifted by +1 meV

and Uy is shifted by —uoné?j) + 1 meV =~ —0.66 meV, and in the lower figure Upgnq is plotted in
au). The nyq-dependence of the screening effect is shown in figure 2 of [10].

The mean-field potential Uy = ugnoq also gives rise to the narrowing effect for mid-range-
correlated in-plane disorder (Ilength scale of a few a,?d)). In this case the dipole—dipole repulsive
interaction considerably decreases the localization energy of indirect excitons in a mesoscopic
in-plane trap. Short-range 2D disorder, which can be described in terms of a random contact
potential, is also strongly suppressed by interacting bosons [17]. Thus we conclude that in
high-quality GaAs-based coupled QWs the in-plane random potential Ugw = Uyang of any
correlation length is effectively screened and practically removed at n3) > 10'° cm~2, due to
the dipole—dipole repulsive interaction of indirect excitons. In this case the in-plane momentum
hip| becomes a good quantum number even for very low-energy indirect excitons. Thus the
phonon-assisted relaxation and photoluminescence kinetics, which we study in this paper in
terms of well-defined py, are adequate for explanation and modelling of the experiments on
statistically-degenerate excitons in GaAs/AlGaAs coupled QWs [2, 3].

5. The PL-jump: origin and modelling

The relaxation and PL dynamics of photogenerated indirect excitons are given by

9 "4 A Sr = (L) +s0 (17)
—ny = ——— , —T=|— ,
o T o o1 T
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where o = Top (T, To) = 1/ Doy is given by equation (10), A(?) is the generation rate
of indirect excitons by an optical pulse, and (07 /9t),,, is given by the right-hand side of
equation (4). The term Sy, which describes the change of 7' due to the nonresonant optical
pump and resonant radiative decay of indirect excitons, is

G _ (Eine — kT hA)Ag, — [Ey /15 — (ks T hA) /Top] To s
T 2Tl — ks Tyl A ’
where A = A(T, Ty) = e /T /(1 — e T/T)2, Ag, = [(wh?)/(2My)]A(r) and the integrals
Li» = L1 »(T, Ty) are given by

d
I = *To/T)/ S

et+e /T — 1’

_ (1 _ e’TO/T)2/ ZeZ dZ )
o (e2+e /T —1)2

(19)

The characteristic time t£ opt Of the energy relaxation, due to the resonant optical decay of QW
excitons, is determined by

= = i /1 i S 20)
roEpt_ZtR kg Ty o AeZE /T _1

where A is given by equation (11).

The experiments [2, 3] deal with an in-plane large area of the GaAs coupled QWs
homogeneously excited by a rectangular optical pulse of about 50 ns duration. The optical
excitation is nonresonant, i.e. the pump photon energy fwpuse > 1.85 €V is much larger than
the indirect QW exciton energy hw; ~ 1.54—1.56 eV. Thus the photogeneration of indirect
excitons is a secondary process, due either to quantum tunnelling of direct QW excitons into
the energetically more favourable states of indirect excitons, or to a resonant Coulomb binding
of initially photogenerated electrons and holes after they complete an LO-phonon cascade
emission. In both cases the excess energy of created (incoming), hot indirect excitons is large,
Eine = 10-30 meV. In equations (17) and (18) we assume a monoenergetic injection of indirect
excitons. A contribution to St (see equation (18)), which is proportional to Ej,c, has positive
sign and describes a heating process by incoming, hot indirect excitons. The rest of St can
either be positive or negative and deals with heating or cooling, due to the resonant optical
evaporation of indirect excitons.

In figure 5 we plot the resonant PL signal from indirect excitons, calculated with
equations (17) for 7, = 0.05 K and a rectangular excitation pulse of Ty = 47 ns.
The parameters used in the calculations correspond to those relevant to the optical
experiments [2, 3]. The generationrate A = 1.3 x 10° cm~2 ns~! (solid curve in figure 5) gives
at the end of the excitation pulse the maximum density n5%* ~ 2.9 x 10'® cm~2. The latter
value reproduces n5;™* generated by using a maximum laser intensity: in the experiments, n5;*
can be estimated by attrlbutmg ablue shift of the PL line to the mean-field energy Uy = uonag.
A still further increase of the pump rate, in the numerical modelling with equations (17), to
A = 4.8 x10° cm™2 ns~! (dash—dotted curve in figure 5) yields ny* >~ 9.5 x 109 cm~2. The
PL-jump, observed in the experiments [2, 3], is clearly seen in the calculated PL dynamics,
Ipr, = IpL(2), plotted in figure 5. In figure 6 we show the time dependence of 1124, Topt, Ng—o and
T, modelled with equations (10), (17)=(20) for 7;, = 0.05Kand A = 1.3x10°cm™2 ns~'. The
solid (dashed) curves referto H, = 0 (H, = 14 T). A strong magnetic field of H, = 14 T,
applied perpendicularly to the GaAs QW structure, increases the in-plane mass of indirect
excitons to Mx(H, = 14 T) >~ 7.1My =~ 2.1 my, according to the estimate done by using
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Figure 5. Resonant photoluminescence of indirect excitons against time . Ipy, is calculated from
low-energy QW excitons with [py| < pﬁL 2~ 0.77k¢. The rectangular excitation pulse of duration
Tpuse = 47 ns starts at fp = 28 ns. The bath temperature 7, = 50 mK, the intrinsic radiative
lifetime TR = 6.75 ns, the energy of hot (incoming) photogenerated excitons Ejpc = 17.2 meV
(Einc/kp = 200 K) and the other parameters of the GaAs coupled QW are the same as for figure 2.
The pump rate A = 1.3 x 10° cm~2 ns~! (solid curve) yields ny* = 2.87 x 10' cm—2, and
A =4.8x10° cm™2 ns~! (dash—dotted curve) gives n'z‘:f" =9.51x10'0 cm~2. Inset: the effective
temperature of indirect excitons at the end of the excitation pulse, Tpuise = 7' (t = to + Tpulse) (dash—

dotted curve), the rise rate of the PL signal, 1/7ns = [d]n(lpL)/dt]I,ztoJ,rpulse (solid curve), and

the PL jump contrast, dp. = AlpL/IpL, against nii* = naq(t = to + Tpuise). The rise rate 1/Tse

calculated for ph)'“ — 0 is shown by the dotted curve.

figure 2 of [4]. Apart from the change of My, in numerical modelling for H; = 14 T one uses
the spin degeneracy factor g = 1 (see equation (1)).

Numerical simulations of the thermalization and PL dynamics allow us to clarify the
origin of the PL-jump. At the end of the pump pulse, the exciton temperature 7(t =
fo + Tpuse) = Tpuise 1s still much higher than 7, = 50 mK and approaches a steady-state
value, if Tpue — 00 (see figure 6(d)). The latter value refers to the steady-state concentration,
3 (Toulse —> 00) —> ATop, and is due to a balance between injected and thermalized energies.
In other words, incoming, hot indirect excitons effectively heat the excitonic system. In the
inset of figure 5, the calculated values of T}, are plotted against ny;™ for Tpuse = 47 ns: Thulse
is about 2.5 K for n5%* < 5 x 10'° cm ™2 and increases to 2.8 K for n5* = 10" cm 2. Right
after the trailing edge of the excitation pulse, the exciton temperature starts to decrease rapidly
from T" = Tpuse- As a result, the optical lifetime 7,y decreases (see figure 6(b)), due to more
efficient population of the low-energy optically-active excitonic states, and gives rise to the
rapid increase of Ip., i.e. to the PL-jump. Now we need to realize how strongly BE statistics
contribute to this nearly classical scenario.

While all the optically-active low-energy states |p;| < ko contribute to the total optical
decay of QW excitons (see equation (10)), the PL signal is observed in the normal, z-direction
within a collection angle 2«. In order to model the PL-jump contrast, dp;, = [I5™(t =
1o + Tpulse + tmax) — IpL (t = fo + Tpuise) 1/ IpL(t = to + Tpuise), Observed in the experiments [2, 3],
in the numerical evaluations of Ipp, we assume that the PL signal is collected from the states
Ipyl < 0.77ko. This corresponds to o 2~ 50° and gives dp;, > 1-2 (see the inset of figure 5),
similar to the observed values of §p . Here f,,x =~ 67 ns is the delay time after the pump pulse,
when the maximum PL signal occurs. For the collection angle 2o — 0, when the ground-state
occupation number Ng_o is directly probed, the PL-jump contrast increases from dpp, >~ 3
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Figure 6. Relaxation and photoluminescence kinetics of indirect excitons calculated with
equations (17). The generation rate of indirect excitons by the rectangular pump pulse is
A =13 x10° cm™2 ns™!, and the bath temperature is 7, = 50 mK. The other characteristics of
the excitation pulse and parameters of the GaAs structure are the same as for figure 5. The magnetic
field H; = 0 (solid curves) and H; = 14 T (dashed curves): (a) nag = n2q(t), (b) Topt = Topt (1),
(¢) Ng=o = Np=o(1) and () T = T (1).

for niy* ~ 10° cm~2 towards 8p;, ~ 7 for nyt >~ 3 x 10'° cm~—2. The latter values of 8pp.
are much higher than those detected in the experiments [2, 3]. In [3] the observed nonlinear
increase of the PL signal right after the pump pulse is attributed to bosonic stimulation of
the scattering of indirect excitons into the highly populated ground-state mode py = 0. In
the inset of figure 5 we plot the rise rate of the PL signal, 1/7ise = [dIn(ZpL)/d1]] =45
against n;™* for a = 50° (solid curve) and « — 0 (dotted curve). The calculations are done
with equations (17). According to the plot (see the inset of figure 5), the rise rate 1/t iS
nearly independent of n5:™ for the values 10° em™2 < nyp < 3 x 10'% ¢cm~2, which are
used in the experiments [2, 3]. With still further increase of n5:*, the nonlinear behaviour
starts to develop so that 1/t increases by a factor 3 (for @ — 0) or 1.4 (for « = 50°) for
nyEx ~ 1.5 x 10! em™2.

Thus we conclude that the observed strongly nonlinear increase of 1/7, With increasing
nys® cannot be explained by bosonic stimulation of the scattering processes into the ground-
state mode. The bosonic stimulation effect refers to the ‘explosive’ population of the ground-
state mode, when T — 0 and kg T/ Eop > 1 (see equation (9)). The above conditions do not
hold for n5%* < 3 x 10'° cm™2. The PL-jump is mainly due to classical cooling of indirect
excitons right after the trailing edge of the rectangular excitation pulse. In the presence of the
continuous optical decay of indirect excitons, nonclassical population of the low-energy states
cannot effectively build up: N ~ 5.5 for n55* = 2.87 x 10'® cm ™% and N®¥ ~ 122.7 for
nix =9.51 x 10'° cm™2 (see figures 7 and 6(c)). Note that these values of NP are much
less than the typical values of Np_o(7) calculated with equation (4) for 1/7,, = 0 and nearly
identical conditions (see figure 2).

Numerical simulations of the thermalization and photoluminescence dynamics with
equations (17) yield a strong decrease of the PL-jump contrast, §p., with increasing H
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Figure 7. Population dynamics of the ground-state mode, Ng—og = Ng—o(t), calculated with
equations (17) for nji* >~ 2.87 x 10" cm=2 (A = 1.3 x 10° em™2 ns™!, dashed curve) and
ng}f" ~951 x 10" cm=2 (A = 4.8 x 10° cm~2 ns~!, solid curve). The other parameters are the
same as for figure 5. For comparison, Ng—o = Ng—¢(¢) calculated with no cooling effect due to
the optical evaporation (in equations (17) and (18) one puts St = 0 for # = ) + Tpuise) is shown by
the dash—dotted curve.

(see figure 6(c)) and/or increasing 7, in complete agreement with the experimental
results [2, 3]. However, the dependence of Sp. upon n3™, i.e. upon the pump intensity
A, is extremely weak for 10° em™2 < n%* < 3 x 10'% ecm™ (see the inset of figure 5),
in sharp contrast with observations [2, 3] of complete disappearance of the PL-jump at
nig* ~ 10° cm~2. Note that the persistence of the PL-jump even for very low nyi™, according
to the numerical calculations with equations (17), is another manifestation of the classical
character of the PL-jump phenomenon.

Both contradictions between the experimental results and numerical modelling with
equations (17), discussed above for the density range 10° cm™> < 5% < 3 x 10'° cm ™2,
i.e. (i) strongly nonlinear increase of 1/74, with nji™ (experiment) against 1/7s nearly
independent of n3;* (theory) and (ii) complete disappearance of the PL-jump for njj* ~
10° cm™2 (experiment) against a well-developed PL-jump with 8p ~ 2 for the same
concentration of indirect excitons (theory), can naturally be explained by the screening effect
discussed in section 4. Indeed, for low concentrations of indirect excitons, n2g ~ 10° cm~2, the
mean-field potential responsible for the screening effect is weak, U = ugnag ~ 0.1-0.2 meV.
The latter value is much less than a typical amplitude of the in-plane random potential
Uqw = Upana(1))): in high-quality GaAs coupled QWs one has |Uryna (1)) — (Urana) | =2 0.5 meV.
Thus for 54 ~ 10° cm~?2 the low-energy indirect excitons are localized, i.e. the corresponding
density of states cannot be approximated by the step-function [(2My)/(xh?)]©(E) with a
sharp edge at zero energy. The Gaussian-like density of disorder-induced low-energy localized
states with no well-defined energy minimum effectively suppresses the PL-jump effect. The
model used in our study is not applicable to this case: a more adequate description of the
thermalization and PL kinetics deals with phonon-assisted hopping between the localized
states, the PL Stokes shift, etc [18, 19]. In the meantime, as we have already discussed in
section 4, for nyg > 10'° cm~? the narrowing effect is well-developed. In this case Urang is
completely screened by dipole—dipole interacting indirect excitons, so that our approach is
relevant to model the experimental data. Thus we explain the observed strong increase of the
PL rise rate, 1/7iis, and the PL-jump contrast, dpr., with increasing n33* by a gradual building
up of the narrowing effect, rather than by the bosonic stimulation effect.
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6. Heating and cooling of indirect excitons due to the optical evaporation

Evaporative cooling or heating of indirect excitons is due to the resonant optical decay of
indirect excitons in coupled QWs. In contrast with the evaporative cooling schemes designed
and used in atomic optics in order to remove high-energy atoms from magnetic traps [20, 21],
the optical evaporation of QW excitons is an inherent process, which deals with the low-energy
particles, 0 < E < E,, (see figure 1), from the radiative zone |p| < ko. In the presence of a
high-intensity pump pulse, the incoming, photogenerated particles effectively heat the system
of indirect excitons, as was discussed in section 5. This process absolutely dominates over the
optical decay of low-energy indirect excitons, so that St > 0 is determined by the first term
ocA7, in the numerator of equation (18). After the pump pulse, however, the thermalization
kinetics is affected by the resonant optical decay of indirect excitons. In this case, i.e. for
t = to + Tpuse, A7y, = 0 and St is given by the second term in equation (18). Both signs of
St can be realized: St < 0 (St > 0) corresponds to evaporative cooling (heating) of indirect
excitons. Note that in our first modelling of the PL dynamics [3] this mechanism has not been
considered.

In order to analyse the influence of the optical evaporation on the thermalization kinetics

of indirect excitons, we compare an average thermal energy per particle, 81((123) = (E) =
(n? pﬁ) /(2My)), and average energy per particle, removed from the system due to the optical
decay, 8(%?)2
T? T
eV = — I/(T, Tp) and R 1)
Ty opt

where the integral I, Top and roEpt are given by equations (19), (10) and (20), respectively.

For Maxwell-Boltzmann distributed excitons, when kg7 is much larger than kg7 and
E,, equations (21) yield

@Qd) _ 1To\ _ Qd) _ 3
&in = kT <1 — 17) ~ kgT and Eop = 5Ey. (22)

Thus one has slg: > 8(()12;:) ,1.e. the optical decay of low-energy QW excitons with the following
re-thermalization (re-equilibration) process, due to exciton—exciton scattering, results in a net
heating effect. In this case, in equations (17) St is positive. Because only a very small fraction
of indirect excitons decay into the bulk photon modes, the heating effect is weak. For example,
for nji* = 3.7 x 10'°cm=2 and T, = 4 K the heating effect results in AT ~ 6.4 mK, and for
T, = 1.6 Kand njj* = 2.9 x 10'9 cm~2 one estimates AT ~ 0.016 K.

For a quantum degenerate quasi-2D gas of indirect excitons, when kg7 is much smaller
than kg Ty and E, , equations (21) give

(2d)

2 2
o0 T T
Ein — €

ot~ g B T .
In this case one has a net cooling effect, and St in equations (17) is negative. According to
equation (23), slg: ) ~ séfftl), so that the variation § (T2 / Tp) is equal to zero. Thus ényg < 0, due
to the optical decay, results in 67 < 0. For T « Ty, E,, / kg nearly all the indirect excitons
are accumulated in the radiative zone |p;| < ko, i.e. they continuously decay into the bulk
photon modes. However, an average decay rate of L- and T-polarized excitons increases with
increasing p| from O towards ko. In other words, one has a more effective optical removal of
‘high-energy’ indirect excitons in comparison with the optical decay of ground-state excitons.
This is the underlying physical picture of the cooling effect. In order to illustrate an efficiency of

(23)
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Figure 8. Thermalization dynamics, i.e. the exciton temperature 7 = T (¢), after the excitation
pulse (see also figure 6(d)). The parameters used in the numerical calculations with equations (17)
are the same as for figure 6. The cooling (heating) effect due to the optical evaporation of indirect
excitons: H = 0 (H, = 14 T). For comparison, T = T () calculated with no influence of the
optical decay on the thermalization dynamics (in equations (17) and (18) one puts St = 0 for
t 2 1o + Tpulse) is shown by the dashed curves.

the evaporative optical cooling effect, in figure 7 we plot the population dynamics of the ground-
state mode, Ngp—g = Ng—o(t), calculated with and without the Sr-term in equations (17) for
nyt = 9.5 x 10" ecm™2 and 7, = 0.05 K.

By applying a strong magnetic field H; one can change the exciton in-plane mass My,
and, therefore, decrease E, oc 1/M,. The thermalization dynamics after the pump pulse,
i.e. fort > to + Tpuise, are plotted in figure 8 for H; = 0 and H; = 14 T. The parameters used
in the calculations with equations (17) are the same as those used for figure 6. For comparison,
T = T(t) calculated with no evaporative heating or cooling (St = 0) is also shown. As
one can see from figure 8, the evaporative optical cooling effect, which occurs at H; = 0,
changes into effective heating at H; = 14 T. In the latter case, the evaporative optical heating
effect is very strong: the exciton temperature stabilizes at 7 >~ 0.58 K > T, = 0.05 K.
This is because by applying H one reduces E, to E,(H;, = 14 T) ~ 14 ueV, so that
E,(H, =14T)/kg >~ 0.17 K becomes much less than 7 2~ 1.25 K and Ty 2~ 0.86 K at the
end of the excitation pulse (see figure 6).

7. Conclusions

In this paper we have analysed and numerically simulated the thermalization and
photoluminescence dynamics of indirect excitons in GaAs/AlGaAs coupled QWs at very
low bath temperature, 7, — 0, aiming to model the data of recent optical experiments [3]
performed at extremely low cryostat temperature, 7;, = 50 mK. The following conclusions
summarize our study.

(i) The observed PL-jump cannot unambiguously be attributed to bosonic stimulation of the
scattering processes into the ground-state mode p; = 0. According to our calculations, for
the concentrations n5%* < 3 x 10'® cm =2, relevant to the experiments [2, 3], the PL-jump
is mainly due to classical cooling of indirect excitons right after the trailing edge of the
rectangular excitation pulse.

(i) The narrowing effect, i.e. an effective screening of the in-plane disorder-induced random
potential Ugw by dipole—dipole interacting indirect excitons, naturally explains the
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strongly nonlinear dependence of the PL rise time, Tjse = Trse(n9y ), and PL-jump
contrast, 8p;. = pL(n5*), observed for 10° cm™2 < n5¥™* < 3 x 10 cm 2.

(iii) Inthe presence of classical and quantum slowing down of the thermalization processes and
continuous resonant optical decay of indirect excitons, the maximum occupation numbers
of the ground-state mode are still rather small, Ng—g ~ 10 for n5* ~ 3 x 10'® cm—
and Ng—o ~ 100 for nji* ~ 10" cm™2. While the thermalization and PL dynamics
are already affected by nonclassical statistics, the above values of Ng_q are probably too
small to initiate the BEC or BEC-like phase transition.

(iv) Optical evaporation of low-energy indirect excitons strongly influences the thermalization
kinetics. The optical decay results in the heating of QW excitons, if kg7 > E,, and kgTp,
and in the effective cooling, if kg7 < E,, and kg 7.

The relaxation thermodynamics used in our analysis (see equations (4) and (17)) still gives
a simplified description of the thermalization kinetics of indirect excitons. A first-principle
numerical modelling within a quantum Boltzmann equation, which explicitly includes both QW
exciton—QW exciton and QW exciton—bulk LA-phonon scattering processes, is in progress
and will be published elsewhere [22].
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