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Stimulated parametric polariton-polariton scattering in GaAs microcavities with a shallow

polariton band under resonant excitation of exciton mode
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Energy and spin relaxation of exciton-polaritons and their condensation in momentum (k) space have been
investigated in planar GaAs microcavities with a shallow (~3 meV) low polariton (LP) branch under quasiresonant
optical pumping slightly above the exciton energy with ns-long pulses at large k using the time-resolved technique.
Nearly 80% depolarization of circularly (o) polarized photoexcited LPs and the complete depolarization of the
linearly (1) polarized LPs are observed during their energy relaxation into the intermediate range of k ~ 1.5 um™".
In spite of that fact the macro-occupied state formed at £ = 0 is found to be highly polarized, the degree of its
circular polarization under o-polarized excitation reached 0.9, whereas a linear polarization of the condensate
formed under the 7 -polarized excitation is rotated by 90° with respect to that of the pump. The macrooccupation
of the LP state at zero k is reaches at the very beginning of the pulse, but turns out to be unstable, decaying in
less than 100 ps. The above features indicate that the population of the condensed mode is mainly provided by
stimulated parametric LP-LP scattering directly in the driven mode rather than by quasi-equilibrium Bose-Einstein

condensation.
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I. INTRODUCTION

Exciton-polaritons in microcavities (MC) are composite
quasi-two-dimensional weakly interacting bosons.!> Despite
their short radiative lifetime ~107'2 s, stimulated scattering
toward their ground state has been demonstrated,>* and
macrooccupation of the ground state has been recently re-
ported in various MCs under nonresonant excitation.”™'3 As a
result, MC polaritons have attracted considerable attention as
candidates for Bose-Einstein condensation and are expected
to give rise to a Kosterlitz-Thouless phase transition toward
superfluidity.'*

The quasi-two-dimensionality of polaritons, along with
their dual exciton-photon character, enables precise optical
studies of polariton distribution in momentum (k) space.
In GaAs-based MCs with a Q factor of 3000 or less the
phonon-assisted energy relaxation is ineffective due to a
relatively long scattering time (tp,) compared to the low
polariton (LP) lifetime 7y p: Tpn/7rp 2 1 (Refs. 15 and 16). The
macrooccupation of states at the LP band bottom is reached
at high excitation densities P and initiated mainly by LP-LP
scattering, its rate increasing with polariton density nyp.

The lowest threshold excitation density Py, for the real-
ization of the macrooccupied state at the LP band bottom is
observed under resonant excitation near the inflection point of
the LP branch (k, ~ kisa) (Refs. 17-21). The macrooccupation
is achieved by stimulated parametric LP-LP scattering in the
driven mode resulting in the formation of two well-pronounced
macrooccupied modes at k ~ 0 and 2k,,. This mechanism is
very effective at k, ~ kipg due to the simultaneous fulfillment
of energy and momentum conservation laws upon scattering
of two LPs in the driven mode. The actual stability of the
three-mode (k = 0, k,, and 2k, ) pattern is maintained by the
presence of numerous weak ‘“above-condensate” modes, so
that the whole system appears to be highly correlated, and the
phenomenon is well described within the framework of the
model of the dynamically self-organized optical parametric
oscillator.?>?3
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Under excitation out of the inflection point of the po-
lariton dispersion, the realization of the condensed k = 0
state demands much higher excitation densities>¢311:13:17 and
condensation is reached only in shallow LP bands where the
photon contribution in LP states does not exceed 50-60%.
The final energy distribution of polaritons in the LP band
is usually compared to the quasi-equilibrium Bose-Einstein
distribution of spinless particles>!>?>2 neglecting the fact
that the LP system is inherently dynamical because of short,
less than 10 ps, 7rp. In recent studies of an LP condensate
formation in CdTe- and GaN-based MCs in a wide range
of temperatures there were found that a kinetic condensation
regime (when the distribution is not thermal and the threshold
is governed by the relaxation kinetics) dominates at low tem-
peratures and negative detuning whereas the thermodynamic
regime can be reached at elevated temperatures and positive
detunings.>*?” The consideration was carried without taking
into account the LP spin degree of freedom that involves further
complications due to the interplay between energy and spin
relaxation, 2832

The LP energy and spin relaxation mechanisms in highly
excited LPs in GaAs-based MCs have been recently inves-
tigated by Rumpos et al.'® using pulsed pumping at large
k, ~7 um™! at the exciton resonance wavelength and time
integrated registration. In addition to the strong difference
in the LP relaxation under excitation with a circularly (o)
and linearly (7) polarized light, the authors revealed an
unexpected behavior of LP condensate polarization under
polarized pumping, namely, the LPs condensate demonstrated
a linear polarization axis rotated by 90° relative to that of
the exciting pump. The suggested explanation assuming that
the condensate population by photoexcited LPs occurs upon
multiple phonon scattering without loss of their polarization
and only one LP-LP scattering act is doubtful since no
conservation of linear polarization is usually observed at low
excitation densities when the phonon-assisted scattering of
LPs is highly dominant.
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Here, we report the study of LP condensation in shallow
LP bands with Ex — Erp(k = 0) ~3 meV (. e., in MCs with
positive exciton-photon detuning) based on the time resolved
polarization-dependent measurements of LP emission under
pulsed pumping with long, of about 1 ns, pulses at the exciton
resonance wavelength. The use of a high time resolution along
with the long duration of exciting pulses allows tracing both
spin and k relaxation of LPs and the formation of the LP
condensate. The LP condensate polarization found in the
experiment—circular in the case of o excitation and linear
inverted relative to that of the exciting pump in the case of
T excitation—is similar to that reported by Roumpos et al.
carried out the measurements only at k =0 (Ref. 13). At
the same time, in our additional measurements in a wide
range of Kk, no conservation of polarization of photoexcited
linearly polarized LPs was revealed after multiple phonon
scatterings in the intermediate range of |K| near the inflection
point of the LP dispersion curve at k = kijyg ~ 1.5 ;Lm’l.
The LP emission in this range demonstrates a weak linear
polarization along the direction of the k vector independent of
the excitation polarization and density and related to the partial
thermalization of LPs between the split transverse electric (TE)
and transverse magnetic (TM) modes.

The high linear polarization inverted relative to that of the
exciting pump alongside the depolarization of scattered LPs
in the intermediate range of k indicates that the population
of the condensed mode is due to stimulated parametric LP-
LP scattering directly in the driven mode without multiple
phonon-scattering events.

In Sec. II we describe our experimental setup. The LP
emission properties under excitation with circularly and
linearly polarized light are represented in Secs. III and IV,
respectively. Section V describes the LP emission kinetics. The
LP relaxation mechanisms are discussed in detail in Sec. VL.
The conclusions are drawn in Sec. VII.

II. EXPERIMENTAL SETUP

The MC structure was grown by metal organic vapor
phase epitaxy. The Bragg reflectors were composed of 17(20)
repeats of A/4 Aly13Gagg7As/AlAs layers in the top (bot-
tom) mirrors. The 3/21 GaAs cavity contained six 10-nm
thick Ing sGago4As/GaAs quantum wells (QWs). The Rabi
splitting was 6 meV. A gradual variation of the active layer
thickness along the sample involves a change in photon
mode energy E¢ and, accordingly, in detuning § between
exciton Ex(k = 0) and photon E¢(k = 0) mode energies.
The experiments were carried out on several spots with
8=EC—EX~1meV.

The sample was placed into an optical cryostat with
controlled temperature. A pulsed Ti-sapphire laser with a
pulse duration of ~1.5 ps, line full width at half maximum
(FWHM) of ~1 meV, and pulse repetition of 5 kHz was
used for excitation of the MC at the angle 40° (k, =
4.8 um™") relative to the cavity normal. The pump beam was
focused onto a spot 100 um in diameter after passing through
a long multimode fiber resulting in the increasing of the pulse
duration to ~1.5 ns. The kinetics of the angular distribution
of the LP emission signal from the MC was detected in a
wide solid angle (30°) around the cavity normal by a streak
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FIG. 1. Time dependences of pump and transmission intensity
recorded at k =k, and various excitation densities P. Inset shows
schematical LP and exciton dispersion curves.

camera with spectral, angular, and time resolution of 0.28 meV,
0.05 um~!, and 70 ps, respectively.

III. LP EMISSION UNDER EXCITATION WITH
CIRCULARLY POLARIZED LIGHT

A pump pulse profile /,(¢) proportional to the intensity
of the external electric field outside the MC |Eex[(kp,t)|2 is
shown in Fig. 1. The intensity builds up during the first 100 ps,
remains nearly constant during approximately 300 ps, and then
decreases slowly (by a factor of 3 to = 1 ns). Circularly or
linearly polarized pulses excite the MC at ~ 0.3 meV above
Ex at k, = (kpx,k,y) = (4.8,0) um~! as shown in the inset
in Fig. 1. Figure 1 shows the recorded kinetics of the MC
transmission signal, /;,(¢), that is proportional to the electric
field at the QW, |EQW(kp,t)|2, at various excitation densities.
It is seen that the ratio |Eqw(k,,)|?/|Eex(k,,1)|* decreases
rather weakly with time both at low and high excitation
densities, and no marked instabilities and/or hysteresis effects
the characteristic of excitation near the inflection point of the
LP dispersion curve are observed.*

Figures 2(d)-2(f) show the k distribution of LP emis-
sion in the MC with § = 41 meV recorded in the range
of |k| <2 pum™' in the time-integrated mode for P =
5, 20, and 80 kW/cm?, respectively, with o*-polarized
light. It is seen that the distribution of LP emission is
nearly axially symmetric in k space with maximum in-
tensity Iip(k) at k = 0. No pronounced bottleneck is ob-
served even at the lowest excitation density. The behav-
ior of LP emission spectra at various P is illustrated in
Figs. 2(a)-2(c) displaying the dependences I p(E k) at k, =
0. It is seen that the spectra demonstrate a well-pronounced
blue shift of the LP transition energies Epp(k) with increasing
P. The shift is connected to an enhanced LP-LP interaction.
A comparison of Figs. 2(a) — 2(f) shows a well-pronounced
gradual shrinkage of the LP emission in both the energy scale
and k space with increasing P.

The dependences of Iy p(k = 0), Erp(k = 0), and the full
width of the LP emission intensity at half maximum (FWHM)
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FIG. 2. (a—c) k, dependence of LP emission spectra at k, = 0,
(d—f) k distributions of LP emission intensity, and (g—i) polarization
degrees Qcire, (j-1) Piin,y» and (m—0) pjiy,, in the MC with § = +1 meV
recorded in the range of |k| < 2 um™!' in the time integrated mode
under excitation with o*-polarized light and various excitation
densities P =5 kW/cm? (left panel), 20 kW/cm? (middle panel),
and 80 kW /cm? (right panel), respectively.

in k space, Akgpwnam, on P are displayed in Fig. 3. Figure 3(a)
shows that the increase in P from 2 to 80 kW /cm? results in
the increase in /; p(0) exceeding two orders of magnitude. This
increase is followed by a decrease in Akpwyym from ~2.4 to
~0.6 um~! and a blue shift in E;p(k = 0) reaching ~0.65 +
0.03 meV as shown in Fig. 3(b) .

A threshold increase of LP emission intensity Iy p(k = 0)
with a simultaneous sharp narrowing of the LP emission in k
space can occur due to either a direct stimulated parametric
scattering of LPs in the driven mode or an LP condensation
in the photoexcited LP system via multiple LP scattering. In
the first case the phenomenon can be described within the
framework of the model of the optical parametric oscillator
(OPO) similar to the one used in the case of excitation near
kinn (Refs. 34-37) whereas in the latter case it is described in
terms of quasithermal LP condensation in k space.>>24-27-38

Additional information on the dominating mechanism of
LP relaxation toward the band bottom has been obtained
from polarization measurements. The polarization properties
of LP emission under excitation with o T-polarized pulses are
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FIG. 3. The dependences of (a, d) LP emission intensity /; p(k =
0), (b, e) transition energy Eyp(k = 0) and FWHM of the LP emission
in k—space, Akrwam, and (c, f) LP polarization degrees pci.(k = 0),
Piin,y(k = 0), and py;n ,(k = 0) on P under excitation with circularly
(left panel) and linearly (right panel) polarized pulses. Figure (c)
shows as well pgire(k = 1.5 um™).

illustrated in Figs. 2(g) —2(o) . The degrees of circular po-
larization [ocirc(k) = (ILﬁ,(k) — I p(k)]l/ [Iﬁ;(k) + I (k)] are
presented in Figs. 2(g) — 2(1)-2(j), —2(1), and 2(m)-2(0)
and show the degrees of linear polarizations pyy, (k) =

[Ip(k) — ()11 p(k) + [1p(k)] and puin, (k) = [1]'p(k) —
15001/ p(k) + I7p(k)], respectively. Here If, are the LP
emission intensities recorded in ot, o7, my, Ty, Txtys
and 7,_, polarizations for i = o™, 07, x, y, ¥, and y/,
respectively.

The LPs excited by o*t-polarized pulses with P =
5 kW/cm? gradually lose their circular polarization during
relaxation to the LP band bottom. That is illustrated in more
detail in Fig. 4 displaying the dependence of p.i.(k,) at
ky = 0. It shows that pgr(k ~ 1.5 um™') ~0.16 at P =
5 kW/cm? and decreases gradually to ~0.13 at k =0. A
monotonous decrease in o approaching the band bottom is
connected with LP depolarization in the process of multiple
phonon assisted LP scattering processes providing their energy
relaxation.

Figures 2(j)- 2(o) show that, simultaneously with the loss
of circular polarization, the LPs gain a linear polarization in
the range of |k| = 1-2 um~! and lose it when approaching
the LP band bottom. The magnitude of oy, (k) at [k| ~
1.5 um~! is maximum at k||0y, vanishes at k||0y’ and Ox’, and
reaches a maximum negative value at k||Ox. By contrast, the
magnitude of pyn (k| ~ 1.5 um™') is maximum at k||0y’,
vanishes at k||0y and Ox, and reaches a maximum negative
value at k||Ox’. Such behavior of the linear polarization of
LP emission indicates that the linear polarization of LPs is
directed along the LP k vector.
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FIG. 4. Dependences pcirc(k;) at k, =0 in the MC with § =
+1 meV recorded in the integrated mode under excitation with
o t-polarized light and various excitation densities P = 5, 20, and
80 kW /cm?.

The small linear polarization of LP emission is natural to
connect with a partial thermalization of LPs between the two
split (TE and TM) LP modes. In the case of LPs under thermal
equilibrium, | pjin| &= A /2kgT for the TE/TM splitting A being
less than kg7. The magnitude of |pj,| at k = 0.18 pm™!
is equal to 0.12 4+ 0.03, and decreases down to 0.02 £ 0.03
at k = 0; Ty ~ 6 K in a wide range of P < 40 kW/cm?.
Thereby one can estimate A to be increasing from 0 to
0.12 meV with the increase in k from 0 to 1.8 wm™". Note that
|piin(k)| exhibits nearly axial symmetry, and nearly vanishes
at k — 0. Thereby a relatively large value of TE-TM splitting
at k ~ 1.5 um~' seems to be caused by a dislocation of the
cavity mode with respect to the center of the Bragg mirror
refraction band rather than by the lowered MC symmetry.

Figures 2(h) and 2(i) show that the decrease in p.j,. of LPs at
k — 0 changes with increasing P into the strong increase. The
latter is shown in detail in Fig. 4 displaying the dependences
Peirc(ky) at k, = 0 for various P. It is seen that pg(ky) at
5 kW/cm? decreases gradually from 0.16 to 0.13 when k,
decreases from 1.6 um~' to 0. At P = 20 kW /cm?, peirc(ky =
1.6 um~') ~ 0.2, changes weakly in the range of k, = 1—
1.6 wm™~! and then increases up to 0.5 at k, = 0. An increase
in P to 80 kW/cm? results in a rather weak increase in Qcire
in the range of k, = 1-1.6 um~' whereas p. at smaller k,
increases strongly resulting in pgi.(k = 0) ~ 0.87.

A comparison of the dependences p.i.(P) and I p(P) at
k = 0 in Figs. 3(a) and3(c) shows that the strong increase in
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peirc(k = 0) starts at P =5 kW /cm?, which is only slightly
delayed with respect to the threshold increase in I p(k = 0).
That allows one to suppose that the strong increase in peir.(k =
0) at large P is caused by an effect of the stimulated scattering
of LPs into the k = 0 state when its occupation factor exceeds
the critical one.

In general, the weakening of depolarization of o *-polarized
LPs during their energy relaxation is well expected at high P
because of an increased contribution of LP-LP scattering to the
LP relaxation process. That is related to the fact that the LP-LP
scattering occurs with the conservation of circular polarization
due to the angular momentum conservation law. However, the
sharp growth of pi:.(k) observed at small k in highly excited
MCs demands a further discussion.

IV. LP EMISSION UNDER EXCITATION WITH LINEARLY
POLARIZED LIGHT

Additional information on the mechanism of LP relaxation
to the band bottom is provided by polarization measurements
of LP emission under linearly polarized pulses. The scattering
of two collinearly polarized LPs results in the rotation of their
linear polarization by 90 degrees,***! which allows to trace
LP-LP scattering acts of photoexcited LPs. Figures 5(d)-5(f)
show the k distribution of LP emission intensity excited with
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FIG. 5. (a—c) k, dependence of LP emission spectra at k, = 0,
(d—f) k distribution of LP emission intensity, and (g—i) degrees of
linear pyiy, , and (j—1) pyin,,s polarization in the MC with § = +1 meV
recorded in the range of |k| <2 um™' in the time integrated
mode under excitation with m,-polarized light and various excitation
densities P = 5 kW/cm? (left panel), 20 kW/cm? (middle panel),
and 80 kW /cm? (right panel), respectively.
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linearly (7, ) polarized pulses and recorded in 7, polarization
in the time integrated mode, whereas Figs. 5(a) — 5(c) display
the LP emission spectra at k, = 0 as functions of energy and
ky for the same excitation densities.

The behavior of both the energy and k distribution of LP
emission intensity under excitation with m,-polarized light
is qualitatively similar to the behavior under excitation with
o t-polarized pulses shown in Fig. 2. The angular distribution
of I p is almost independent of the direction of the k vector and
does not reveal any marked bottleneck already at the lowest
excitation density. The increase in P leads to a superlinear
increase of the LP emission intensity, its blue shift and
shrinkage in k space. They are, however, somewhat smaller
than under o " -polarized excitation. This is well seen from the
comparison of Figs. 3(a) —3(c) and3(d) —3(f) that show the
experimental dependences Iy p(P), Akpwam(P), and AE(P)
at k = 0 for the cases of excitation with o*- and 7, -polarized
pulses, respectively.

No circular polarization of the LP emission has been
observed under excitation with 7, -polarized pulses. The linear
polarization of the LP emission is shown in Figs. 5(g) —
5(I). A comparison of Figs. 5(g) and 5(j) with Figs.2(j) and
2(m) show that the linear polarization of LP emission at P =
5 kW/cm? is very similar to that observed under excitation
with o T-polarized pulses. The dominant polarization direction
at|k| ~ 1.5 /Lm’1 coincides with that of the LP k vector: pyip,
(ptin,y) is maximum at k||Oy (k|[0y"), vanishes at k||0y” and
0x’ (k||Oy and Ox), and reaches a maximum negative value at
k||Ox (k||Ox"), the maximum degree of linear polarization does
not exceed 0.2. No linear polarization is observed at k = 0.

Figures 5(g) and 5(h) and 5(j) and 5(k) show that the linear
polarization of LPs at |k| ~ 1.5 um~! depends very weakly on
the excitation power. On the other hand, the emission at k = 0
remains unpolarized only at P < 20 kW /cm?, whereas piin
at P = 80 kW /cm? appears to be as high as ~0.5. Figure 3
shows that the sharp increase in pji, , under excitation with
linearly polarized pulses starts at P > 20 kW/cm? (i.e., it
occurs at markedly higher P than the sharp increase in the
emission intensity). The polarization is directed along Oy (i.e.,
along a normal to the direction of polarization of excitation
pulses). Such behavior of the linear polarization of LPs at
k = Oindicates that this state is populated mainly via scattering
of LPs with m, polarization. This observation is similar to that
in Ref. 13.

V. KINETICS OF LP EMISSION INTENSITY
AND POLARIZATION

Time dependences of the LP emission intensity in the range
of k, <2 um™! measured with time resolution of 70 ps
at various excitation densities are represented in Figs. 6(a)—
6(d) and 7(a)-7(e) for o™~ and m,-polarized excitations,
respectively. A comparison of these figures shows that the time
dependences of I1p(k) under o *- and 7, -polarized excitations
are similar to each other. In particular, Figs. 6(a) and 7(a)
show that in both cases the maximum emission Iy p(k = 0)
at P =5 kW/cm? is markedly, by ~0.3 ns, delayed with
respect to the maximum in /,(¢). The delay is of the order
of the lifetime of excitons in the InGaAs QWs and seems
to be connected with an accumulation of exciton-like LPs
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FIG. 6. Time dependences of LP emission intensity (upper array)
and degree of circular polarization (lower array) in the range of
k, <2 pum™" atk, = 0 measured under the excitation with circularly
polarized pulses at various excitation densities (a, e) P = 5, (b, f) 10,
(c, g) 20, and (d, h) 80 kW /cm?. Excitation pulse profile is shown in
the right column in the upper and lower arrays.

in states with large k. The increase in the LP-LP scattering
rate in a dense LP system with increasing P leads to the
disappearance of this delay. Figures 6(b) and 7(b) show that
the delay disappears already at P = 10 kW /cm?.

At larger excitation densities (Figs. 6(c) and 6(d) and 7(c)—
7(e)) ILp(k), by contrast, demonstrates a sharp growth in the
whole range of k at the very beginning of the exciting pulse,
which changes abruptly to an even sharper decrease well before
the decrease in the excitation density /,(¢). That is better seen
in Figs. 8(a) —8(d) displaying time dependences of Iy p(¢) atk =
Oand k = kipg = 1.5 ,um’l at various P in more detail. It is

clearly seen that the dependence 1 p(k = 0,¢) nearly coincides
with I,,(¢) under the excitation with o- and 7 -polarized pulses
only at P = 10 kW /cm?. At higher P, the duration of a strong
signal at both k = 0 and k ~ ki, is about 0.25 ns in the case
of excitation with o*-polarized pulses and does not exceed
0.2 ns in the case of m,-polarized pulses in spite of the fact

Intensity

Wavenumber kx (um'1)

FIG. 7. Time dependences of LP emission intensity (upper array)
and degree of linear py,, polarization (lower array) in the range
of ky $2 um™" at k, = 0 measured under the excitation with ,
polarized pulses at various excitation densities (a, f) P = 5, (b, g) 10,
(c, h) 20, (d, i) 40, and (e, j) 80 kW/cm?. Excitation pulse profile is
shown in the right column in the upper and lower arrays.
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that /, starts to decrease only in 0.3 ns [i.e., no quasistationary
regime of LP emission is established in the range of nearly
constant /,(¢) in both cases].

A comparison of time dependences Iy p(k,?) at k = 0 and
k= 1.5um~" in Figs. 6-8 shows that at both o+ and ,-
polarized excitations there is no direct connection between
the population of the states in the range of k ~ kj,q and the
threshold increase in the population of the k = 0 state. Indeed,
it is seen that at all P > 10 kW /cm? the population of states
at k ~ ki is orders of magnitude smaller than that at k = 0.
Further, Fig. 8 shows that the sharp growth of the signal at k =
0 is well pronounced already at P = 20 kW /cm? whereas that
in the range of k = 1.5 um™~' occurs only at P = 40 kW /cm?,
at both o™ and . -polarized excitations.

The time dependences of pirc(k,,t) atk, = O forexcitations
with o*-polarized pulses are shown in Figs. 6(e)-6(h). It
is seen that the pronounced time dependence in pPgirc(ky,?)
appears only at P =10 kW/ cm? when peirc(f) at all ky
increases and then decreases following the time dependence
of the LP emission intensity. As was mentioned above, such
dependence is well explained by an enhanced contribution
of LP-LP scattering in the energy relaxation of photoexcited
circularly polarized LPs. An increase in P above 20 kW /cm?

00 04 08 12 00 04
Time (ns)

08 1.2

Time (ns)

results in a sharp increase in pg.(k = 0) up to the values
of 0.8-0.9. The increase coincides with a threshold growth
of k =0 population. A comparison of Figs. 8(a) and 8(e)
shows as well that the strong circular polarization of LPs
at k = 0 disappears simultaneously with the decrease in the
density of LPs at k = 0 rather than with the decrease in
I,(1).

Figure 8(g) shows that the LP polarization at large k is much
smaller than at that k = 0. The value of o at k ~ 1.5 um™!
depends very weakly on time and the excitation density and
does not exceed 0.3.

The time dependences of pjin, y(k,,?) at k, = 0 for the exci-
tations with 7, -polarized pulses are shown in Figs. 7(£)-7(j).
Ptin,y(ky, ) at P < 20kW/ cm? is very small in the whole range
of k, and ¢. A pronounced short-duration increase in oy, (kx 1)
is observed only at P > 40 kW/cm? and occurs only at
k ~ 0. It coincides in time with a short-duration increase in
I p(k = 0). A comparison of dependences piin, y(¢) and pcirc (1)
atk = 0in Fig. 8 shows that they are qualitatively very similar,
however, the maximum values of pj,(k = 0) are markedly
smaller. In particular, p..(k = 0) at P = 80 kW/ cm? reaches
0.9 whereas pj,(k = 0) does not exceed 0.6. Note that the
smaller value of py;,(k = 0) correlates with a markedly smaller
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LP population at k = 0 in MCs excited with .. -polarized light
as it is seen from a comparison of the LP emission intensities
in Figs. 8(a) and 8(b). Finally, Fig. 8(h) shows that | oy, | at
k ~ 1.5 um~! remains small (<0.2) in the whole range of
excitation densities and does not change its orientation along
the LP k vector during the excitation pulse.

Thus, the experiment shows no correlations between the
population and polarization of LPs at k = 0 and those at k ~
kinfi, which indicates that the threshold macropopulation of the
k = 0 state cannot be due to the stimulated scattering of LPs
from k ~ kig as it was proposed in Ref. 13.

VI. LP RELAXATION MECHANISMS

The energy relaxation of LPs in MCs weakly excited at
large k at the exciton resonance is mainly achieved by the
acoustic phonon assisted LP scattering. In 10-nm thick QWs
it can effectively lower the LP energy up to ~1 meV in a
single scattering act,*>*> whereas the bottom of the LP band
is located at ~4 meV below fiwpump. The energy relaxation of
photoexcited LPs is realized via multiple scattering of LPs. The
latter results as well in the population of long-lived exciton-like
LPs with large k, which explains the pronounced delay of
maximum /; p(k = 0) with respect to that of 1,(¢). Figures 8(a)
and 8(b) show that this delay reaches 0.3 nsat P < SkW/ cm?,
which is just of the order of the average lifetime of long lived
LPs with k ~ 10% cm~'. Note as well that a weak dependence
of Iup on k at E < E at this excitation density indicates that
the k distribution of short-lived LPs near the LP band bottom
is far from being thermalized.

Multiple phonon-assisted scattering of photoexcited LPs
results in their gradual depolarization on approaching the LP
band bottom, which is observed in Figs. 2(g) and 4. The growth
of average p.ir. at higher P observed in Figs. 2(h)-2(i) , and
4 is well explained, as it was indicated in Sec. III, by an
enhanced contribution of LP-LP scattering brought about by
the conservation of circular LP polarization in accordance with
the momentum conservation law. This scattering also leads
to the acceleration of LP energy relaxation resulting in the
disappearance of the delay of the maximum in /; p(t) at k = 0
as compared to that in 7,(z) (Figs. 6(a) and 8(a)). At the same
time, the increase in pgirc(k) at k — O observed in Figs 2 and
4 with increasing P demands a more detailed consideration. It
is seen in Figs. 6 and 8 that the increase in pgjrc(k) at k — 0
appears concurrently with the onset of macrooccupation of
the £ = O state and disappears nearly simultaneously with its
emptying. Figure 6 shows that the higher the density of LPs at
k = 0 the larger pcjrc(k = 0).

Thus the magnitude of pj.. at k = 0 correlates with the LP
density in this state. Note, however, that circular polarization
is not inherent in the thermodynamically equilibrium LP
condensate state. This state has to be linearly polarized due
to the weaker repulsion interaction between LPs with opposite
circular polarizations compared to that between LPs with the
same circular polarization. It is seen from a comparison of
Figs. 6(g) and 6(h) and 6(c) and 6(d) that the LP system at large
k (>1 pm~!) remains weakly polarized in the whole range
of times when the k = 0 state is macropopulated. Hence, the
nearly 100% circular polarization of the LP condensate in such
a system indicates that the LP spin state of macropopulated

PHYSICAL REVIEW B 84, 085305 (2011)

E — Ex (meV)

E — Ex (meV)

5 10
k, (pm™1)

FIG. 9. (Color online) The renormalized dispersion E(k,) of
“signal” and “idler” LP modes in the dependence on the intensity of
excitonic component of the driven mode (V |P|?), calculated in scalar
(spinless) approximation. The position of the driven mode is shown
by a star and the unperturbed LP dispersion is shown by a solid line.

k = 0 state is strongly nonequilibrium. That prevents the
interpretation of the observed phenomenon in terms of quasi-
equilibrium Bose-Einstein condensation.

The increase in pgc(k) at small k is natural to relate
to the stimulated scattering into the macropopulated £ = 0
mode of LPs from a wide range of k > 0. This mechanism
activating when the occupation of the low k states exceeds 1
because the bosonic nature of LPs is more effective for the
polarization dominating in macropopulated k = O state. On the
other hand, the formation of a high circular polarization of the
signal at k = 0 can occur due to direct stimulated parametric
LP-LP scattering from the driven mode. Being very effective
under excitation near kiyq, such scattering loses its efficiency
with increasing k, due to the problem with the simultane-
ous fulfillment of the energy and momentum conservation
laws.!”

To estimate the blue shift necessary to restore the efficiency
of the direct LP-LP scattering into the k =0 “signal” in
the studied structure, we employ the coherent OPO model.??
Figure 9 displays the renormalized dispersion of “signal” and
“idler” modes in the dependence on V|P|?, where P is the
amplitude of excitonic field and V is the exciton-exciton
interaction constant. The calculations are performed in scalar
(spinless) approximation using the Gross-Pitaevskii equations
linearized over signal and idler amplitudes, assuming the
driven mode amplitude P to be the governing parameter
(see Refs. 22,45, and 46). The cavity dispersion is calculated
using the transfer matrix technique.*’ The discontinuity in the
unperturbed polariton energy at ky,, = 7.8 wum™! (solid line) is
due to reaching the nondissipative waveguide cavity mode, so
that the strong exciton-photon coupling vanishes at |k| > ky,.
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The “bare” blue shift of the signal mode, which only
depends on the exciton population, is 2V|P|?; it is given
by the diagonal elements of the matrix of effective energy
of excitations. Besides that, the signal and idler are coupled
through the phase-sensitive off-diagonal elements, and the
energy matrix as a whole is anti-Hermitian. Due to this
coupling, the signal and idler dispersion curves appear to be
stuck together in the ranges of maximum effective lifetimes
(given by the imaginary parts of eigenenergies) which indicate
the predominant directions of parametric scattering.

Figure 9 a shows the unperturbed dispersions (V|P|> =
0). In Fig. 9(b) (V|P|*> =0.5meV), the signal and idler
dispersions are stuck together the vicinity of the driven mode.
This situation is unobservable, as the driven mode by itself
is in the unstable area (in between the two branches of
stability). The stable solution for the driven mode appears
at V|PJ? 2 0.75meV (Fig. 9(c) ), after which the dominant
directions of scattering shrink into k = 0 with the further
increase of |P|. Lastly, although the blue shift at k = kpump
exceeds 3 meV at V|P|?> = 2meV (Fig. 9(d) ), the blue shift
of the “signal” polariton mode at k = 0 is only about 0.7 meV,
in agreement with the experimental observations.

Thus, both the direct LP-LP scattering in the driven mode
and the scattering of partially relaxed LPs withk # Kk, in MCs
excited with o -polarized pulses contribute to the condensate
mode. A separation of these contributions is hardly possible
because of their additive character. The situation changes,
however, in the MCs excited with linearly polarized light since
the direct LP-LP scattering of linearly polarized LPs causes
the rotation of their linear polarization.

It is found in Secs. IV and V that the linear polarization
of photoexcited LPs gets lost during their energy relaxation in
MCs excited with 7, -polarized pulses up to P ~ 20 kW /cm?.
The small linear polarization of LP emission observed at
|k| ~ 1.5 um~! ~ kyuq is related to the partial thermalization
of LPs between the two split (TE and TM) LP modes. Indeed, it
follows from Figs. 5(g)-5(j), and 5(k) that it is always directed
along the k vector, whereas the comparison of Figs. 2 and 5
shows that the magnitude of |pj,| does not depend on the
direction of the k vector and even the polarization of the
exciting pulses. It is also seen in Figs. 5(i) and 5(1) that the
increase in excitation density does not lead to the appearance of
any pump-driven linear polarization of LP states at k ~ kiuq.
Thus, the experiment shows that no conservation of linear
polarization of LPs (which was postulated in Ref. 13) occurs
upon multiple phonon-assisted and/or LP-LP scattering both at
low and high excitation densities. Thus the linear polarization
of LP condensate at k = 0 cannot be explained by the effect of
pairwise LP-LP scattering of LPs relaxed down to |K| ~ kiuq.

The strong linear polarization of the LP condensate excited
with linearly polarized pulses can be related either to the spon-
taneous linear polarization expected in thermodynamically
equilibrium LP condensate'"** or to the LP-LP scattering in
the driven mode.***' The first cause has to be rejected. First,
the above discussed experiments with circularly polarized
excitation exhibit almost completely circular polarization of
the condensate, thereby no thermodynamic equilibrium is
reached in the condensate because of a very short, of several
ps, LP lifetime. Second, it is worthwhile to note that no fixed
linear polarization in symmetric MCs can be registered even in
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the emission of equilibrium linearly polarized LP condensate
in our measurements using averaging over thousands of pulses
owing to a random direction of the condensate polarization
in each pulse. A fixed direction of polarization in the LP
condensate can be realized only in MCs with a lowered sym-
metry. However, in this case the polarization direction should
be pinned to the symmetry axes whereas in our experiments
it is linked to the direction of the linear polarization in the
driven LP mode. Note as well that the LP condensate at k = 0
excited by pulses linearly polarized along the Ox direction is
polarized along the Oy one, whereas the condensate excited by
circularly polarized pulses demonstrates a weak preferential
linear polarization along the Ox direction.

Summarizing the above discussion, one has to conclude that
the main contribution to the population of the condensed mode
atk = O originates from the direct stimulated LP-LP scattering
in the driven mode and has to be described in the framework of
the optical parametric oscillator rather than quasi-equilibrium
Bose-Einstein condensation. An additional support to this
conclusion comes from the observation discussed in Sec. V
of the instability of LP condensate emission in the range
of nearly constant /,() under excitation with both 0T and
m.-polarized pulses: the sharp increase in the condensate
density changes immediately, well before the decrease in
I,(), into a similar sharp decrease. Such an instability of
the condensate mode is more characteristic of a nonlinear
LP-LP scattering rather than Bose-Einstein condensate under
quasistationary excitation conditions.

VII. CONCLUSION

Exciton-polariton energy and spin relaxation has been
investigated in planar GaAs MCs with the LP band of depth
~3 meV under optical pumping with ns-long pulses at a large
angle with energy slightly above Ex. At variance with the
conclusion drawn in Ref. 13, a strong depolarization of the
photoexcited LPs was observed in the range of inflection points
of the LP dispersion curve at both o and m-polarized excita-
tions. The prevailed direction of linear polarization of LPs in
this range was found to coincide with the direction of the LP k
vector rather than with the direction of the linear polarization
of exciting pulses. The observed linear polarization of LP
emission in the range of k ~ kg corresponds to the emission
of LP system with a partially thermalized distribution of LPs
between the TE and TM modes.

In contrast, the polarization of the condensed LP mode
at k =0 and high P is linked to that of exciting pulses.
It coincides with the polarization of the circularly polarized
exciting pulses whereas the excitation with linearly polarized
pulses results in the 90° rotation of the direction of condensate
polarization.

The tight connection of LP condensate polarization to that
of excited pulses in spite of the fact that the LP system at
k > 1um~! is highly depolarized enables us to conclude that
the population of the condensed mode is mainly contributed
by stimulated parametric LP-LP scattering directly in the
driven mode rather than by that of LPs after multiple
phonon-assisted scattering events. As a consequence, the
formation of the LP condensate in shallow LP bands excited
at large k slightly above exciton energy is to be described
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within the framework of the optical parametric oscillator
(OPO) model®® rather than explained by quasi-equilibrium
Bose-Einstein condensation. This conclusion is confirmed by
the observed instability of the condensate mode in the range
of nearly constant excitation density. Such instability is more
characteristic of a nonlinear LP-LP scattering rather than the
quasi-equilibrium Bose-Einstein condensate.
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