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Self-organization of multiple polariton-polariton scattering in semiconductor microcavities
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Sharp transformations of polariton-polariton scattering patterns in a semiconductor microcavity with an
increase in pump intensity are observed. These transformations are manifestations of nonequilibrium first-order
phase transitions in a strongly driven multimode Bose system. The effect arises from the interplay between the
bistability of the pumped polariton mode and the parametric instability in the nonlinear polariton system.
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I. INTRODUCTION

There is worldwide interest in the study of polaritons in
strongly coupled semiconductor microcavities (MCs).! Inter-
esting nonlinear phenomena associated with exciton-exciton
interactions may arise in such systems. In addition, quantum
effects, such as squeezing and complementarity of idler po-
laritons, have been reported.> Recently, high-density mac-
roscopically occupied polariton states, with properties ex-
pected for Bose—Einstein condensates, have been observed
due to incoherent exciton-polariton relaxations in CdTe (Ref.
4) and GaAs (Ref. 5) MCs. Signal and idler states®=® formed
from stimulated polariton-polariton pair scattering for reso-
nant excitation into the lower polariton (LP) branch are also
expected to exhibit properties similar to those of Bose—
Einstein condensates even though the system is strongly
nonequilibrium.’

In this paper, we show that the highly occupied MC po-
lariton system exhibits a type of multimode threshold behav-
ior, not previously observed, to the best of our knowledge, in
the physics of nonlinear systems. This behavior is a result of
the unique continuous transverse mode dispersion in MCs,
which exhibits a point of inflection and has a finite energy at
k=0. In our experiments, we employ cw resonant excitation,
with the excitation significantly detuned to higher energies
with respect to LP dispersion. At powers below threshold
(Py,), the polaritons scatter to states in a figure 8 (Refs. 10
and 11) in k space, as determined by energy and momentum
conservation. However, at P~ Py, we observe an abrupt
transition of the scattering from these states with k # 0 to one
that is strongly localized at k=0. This state becomes mac-
roscopically occupied and remains stable at higher excitation
powers.

Analytical investigation of the instabilities of the solution
of the Gross—Pitaevskii equations (for one macroscopically
occupied pump mode) and numerical integration!>!3 show
that the transition arises from the interplay of instabilities in
the driven polariton system. In particular, since the pumped
mode exhibits bistability (multistability if the polariton po-
larization state is taken into account'®), the system is driven
into a region of strong parametric instability, leading to a
breakup into many “signal-idler” pairs over a large range of
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k. It leads to the amplification of many unstable harmonics,
as shown by numerical simulation. However, this state is
unstable, and further system evolution takes the form of self-
organization with the result that, eventually, only one mac-
roscopically occupied signal-idler pair is amplified, i.e., a
signal at k~0 and an idler at k~2k,, (where k, is the in-
plane pump momentum).

The observed transition corresponds to a type of behavior
in nonequilibrium systems and can be described only within
a multimode model, which takes into account macroscopic
occupation of many polariton states, to which the scattering
is permitted. An excellent agreement of the theory with the
experimental observations is obtained. The existing three-
mode optical parametric oscillator models for stimulated
polariton-polariton scattering in MCs'®!7-2! cannot be used
to explain the observed transition because (i) they cannot
predict the final k;; that are selected by the system and (ii)
they neglect other polariton modes that, as we will show, are
very important in the self-organization process.

II. EXPERIMENT

The microcavity studied had a structure very similar to
that of Ref. 6. Several regions of the MC were investigated,
all with 6 meV Rabi splitting and approximately zero detun-
ing between the exciton and cavity modes. The beam from a
tunable laser was focused to a ~30 um diameter spot on the
sample at an angle of incidence of U= 11° corresponding to
k,~1.4 um~'. Lower polariton photoluminescence was
studied in a two-dimensional (2D) momentum space (k,,k,)
at several detunings between the energy of the laser excita-
tion and that of the LP dispersion.

A simplified schematic of the polariton-polariton paramet-
ric scattering at low pump intensity is illustrated in Fig. 1.
The energy of the laser, i.e., E,~1.4521 meV, was signifi-
cantly detuned (by ~0.5 meV) with respect to the unper-
turbed LP branch at low power (see the circle in Fig. 1) and
then fixed during the experiment. In the case of smaller (near
zero) pump detuning, the signal and idler are expected to
form a figure 8 around k=0 and 2k, in a 2D wave vector
space,'%!1:22 a5 shown by the dashed curve in Fig. 1(b). Self-
stimulated polariton-polariton scattering to the states k=0
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FIG. 1. (Color online) [(a) and (b)] Schematic of the polariton-
polariton scattering in a MC at low excitation power. The thick and
thin solid lines in (a) are Epp(k) (the LP branch) and 2E,
- Eyp(2k,~k), respectively, for k,=0. The circle and triangles la-
beled as P, S, and I show the (E,k,) positions of the pump and the
corresponding signal and idler. Dashed and solid 8-shaped figures in
(b) show the scattered polaritons in the (k,,k,) plane for zero and
positive [as shown by the circle in (a)] detunings between the pump
and the LP branch, respectively.

and 2Kk, has been previously observed in Refs. 6-8. With an
increase in detuning E,—E;p>0, the pattern is expected to
transform into a distorted (expanded) figure 8, as shown by
the solid curve in Fig. 1(b), with the left (“signal”) part shift-
ing further toward negative k,<0.

The intensities [/(P)] and the linewidths [full width at half
maximum (FWHM)] of polariton emission as a function of
the excitation power P recorded at k=0 (circles) and k
=(0,0.7) um™' (squares) are presented in Figs. 2(a) and
2(b), respectively. The upper panels in Fig. 3 display the
measured 2D distributions /(k) of the LP emission in a wave
vector space k=(k,,k,) at several excitation powers. The
emission was integrated over the energy range (1.45-1.4519
eV) below the pump energy E,. The bottom panels in Fig. 3
show the corresponding images in (E,k,) space recorded at
k,~0. The images in k space (top panels in Fig. 3) were
obtained by sequentially measuring I(k,,E) for a grid of k,
with steps of 0.06 um™.

At low power, P=1 mW, the intensity distribution I(Kk) is
approximately homogeneous in (k,,k,) space [Fig. 3(a), top];
the distribution in (E,k,) space shows the familiar LP disper-
sion [Fig. 3(a), bottom], which is nearly parabolic at small k.

Simultaneously, as seen in Fig. 2(a), the dependences I(P)
at k=0 and k=(0,0.7) um™' exhibit a linear increase with P
at P<10 mW. In this case, the relaxation of pump polari-
tons to lower energy states occurs due to interactions with
acoustic phonons and weakly coupled localized excitons, re-
sulting in a homogeneous polariton distribution. Neverthe-
less, at low power, the polariton distribution is not thermali-
zed since the relaxation with phonons occurs on a time scale
of ~20 ps, which is larger than the polariton lifetime (
~5 ps).

At P~10 mW, there is an onset of a new effective scat-
tering channel, namely, direct spontaneous polariton-
polariton scattering of two pump polaritons into (k # 0) sig-
nal and idler scattered polaritons. This mechanism becomes
dominant at higher excitation powers and, as we will show
below, determines the pattern of polariton emission. Because
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FIG. 2. (Color online) (a) The measured intensities and (b) en-
ergy linewidths of the signal at k,~0 and k,~0 (circles) or at k,
~0.7 um~! (squares) as functions of the pump intensity.

of detuning, as explained above the formation of a distorted
8-shaped figure around k=0 and 2k, in a 2D wave vector
space is expected.!®!!

The onset of polariton-polariton scattering is supported by
the observed transformation of the intensity distribution in k
space at P=10 mW [see Fig. 3(b), top]: A near-circular
shape arises with intensity maxima at |k|~0.5-0.7 wm™.
This corresponds to the left (signal) half of the 8 shape in
Refs. 10 and 11—we do not show the idler polaritons. As
seen in Fig. 3(b) (bottom panel), the states with smaller |k
become more depleted with respect to those at higher energy
and higher momentum states. Additional evidence for
polariton-polariton scattering is that intensity I(P) at k
=(0,0.7) um™! starts to superlinearly increase with power at
P>10 mW, whereas I(P) recorded at k=0 remains nearly
linear, as seen in Fig. 2(a).

At P=18 mW, the intensity distribution I(k,=0,k,) ac-
quires pronounced maxima at around +0.7 um™' [Fig. 3(c),
bottom]. As seen from the corresponding distribution /(K)
[Fig. 3(c), top], there is a higher efficiency of polariton-
polariton scattering to the states with k vectors close to that
of the pump. This is because there are higher losses for the
scattering from the pump to the excitonlike idlers at larger k
vectors and higher energies and to the corresponding signals
at negative k,. The losses arise from additional scattering
processes at idler states mainly due to inhomogeneous exci-
ton broadening.'!

With a further increase in excitation power, multiple
LP-LP scattering reveals striking features that contradict the
predictions of the standard four-wave mixing theory.!%!7:18
Figure 3(d) (top) shows that at P=28 mW, I(k) exhibits
several strong maxima at around =0.7 um™!, and significant
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FIG. 3. (Color online) Measured lower polariton PL distributions as functions of wave vector k,,k, (top panels) and of energy and wave
vector (E,k,) (bottom panels) at different excitation intensities. The pump position k,=1.4 um™!, k,=0 is marked by a star in the top panels.
Colors show the normalized PL intensity. Only the “signal” part of the scattered PL is shown, and the “idler” counterpart is omitted. The
rectangular shadow seen on the left of top panels (a)—(c) is the metallic wire, which holds the mirror directing the excitation laser beam to
the sample. The vertical line observed on the right of top panels (a)-(c) at k,=1.4 um~! is the scattered light of the exciting laser pump.

spectral narrowing (FWHM=0.17 meV) of the correspond-
ing emission by a factor of 2 occurs [Figs. 2(b) and 3(d),
bottom]. Also, its intensity starts to grow faster than P? at
P>20 mW, as shown in Fig. 2(a). Such observations indi-
cate the increasing temporal coherence of the polariton emis-
sion due to final state stimulation. There is a weaker stripe-
like polariton emission observed at k vectors between the
maxima at =0.7 um™' [Fig. 3(d), top]. The origin of this
emission is discussed in Sec. IIL.

With a further increase in P by 5%—10% above the thresh-
old (Py,~28 mW), an abrupt transition of the stimulated
process from k,# 0 to one strongly centered at k~0 um™!
is observed, as shown in Figs. 2(a) and 3(e). Above the
threshold, the intensity of the stimulated emission at k~0 is
increased by 2 to 3 orders of magnitude with respect to that
of the polariton emission below the threshold [Fig. 2(a)], and
its linewidth is reduced from 0.6 to 0.2 meV [Fig. 2(b)].
Such emission remains stable at higher excitation powers
[Fig. 3(f)]. The width (FWHM) of the localized mode in
Figs. 3(e) and 3(f) is about 0.3—0.5 wm™' in k space. This
value indicates a localization area of 10—15 um in real
space, which was previously observed in Ref. 23 on similar
samples.

We note that such an abrupt transition of the pattern of
polariton-polariton scattering was not previously observed in
Ref. 11, which was devoted to the case of spontaneous
polariton-polariton scattering with a small occupation num-
ber of the final signal and idler states. By contrast, in our
experiment, macroscopic occupation of the final signal and
idler states is reached, which results in the phenomena ob-
served. The observed behavior is in very good qualitative
agreement with the analytical investigation of the instabili-
ties and numerical integration of the Gross—Pitaevskii-type
equations for the driven cavity-polariton dynamics'3-1 in a
2D wave vector space.

III. THEORETICAL ANALYSIS

In Refs. 13-15 the semiclassical Gross—Pitaevskii-type
equations for the intracavity QW excitonic polarization
P(k,1) and electric field Eqy(k,?) as functions of the exter-
nal driving & (k,1)=dx E(t)exp(—iE,t) have been formu-
lated. In this case, the polapriton density at a given k vector is
proportional to |P(k,#)|%. To explain the experimental results,
the stability of the solution for one macroscopically occupied
(pumped) mode, as in the case of the experiment, was ana-
lyzed. The main results are summarized in Fig. 4.

In the case of a planar cavity, the resonant frequency for a
given in-plane momentum depends on the intensity of the
field inside the cavity and is blueshifted for larger intensities
due to polariton-polariton interactions. As a result, the field
inside the cavity exhibits a characteristic S-shape dependence
as a function of pump intensity [Fig. 4(a)] with two points of
discontinuity (squares). These points correspond to the high
intensity boundary of the polariton bistability area (see also
Refs. 19 and 20).

First, to analyze stability with respect to intermode scat-
tering, we calculate the polariton decay rate I" (imaginary
part of the scattered polariton eigenenergy). For each scat-
tered polariton mode k, its amplitude is |P(k,?)|
cexp[I'(k)z], so that the polariton mode is amplified if I is
positive. It is found that I'(k) is crucially dependent on the
pumped mode amplitude; Figs. 4(b) and 4(c) show the dis-
tribution of I'(k,,k,), which is calculated at the two driven
polariton densities shown by the squares in panel (a).

In the low-density regime, the decay rate of the scattered
polaritons is maximum in an 8-shaped region [Fig. 4(b)]. By
contrast, in the high-density regime I'(k) is positive over a
large range of k vectors with maxima around Kgg,, ~0 and
Kigier ~ 2k, [Fig. 4(c)]. The reason why the shape of the in-
stability regions changes from 8 to pointlike (centered near 0
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FIG. 4. (Color online) Stability analysis of the solution with a single macroscopically occupied mode (the pumped mode). (a) shows the
stationary response function of the pumped LP mode. The solid lines display the “trajectory” that will be experienced by the stable system
under the action of a slowly increasing pump. The two points of discontinuity are marked by squares. At these points, the system is expected

to have the k-space distributions of decay rate I'(k,,k,) shown in (b) and (c). (d) represents the distribution of I'= I" (P

2 k) k=0 the

contours correspond to the set of values of decay rate from —0.06 to +0.14 meV with a step of 0.01 meV. The contours I'=0 (stability edges)
in (b)—(d) are shown by black lines. Vertical axes in (a) and (d) coincide, and so do the color schemes in (b)—(d) (see the color bar).

and 2k,) when the intracavity polarization of the pumped
mode experiences a jump from the lower to the higher S
branches can be understood from the distribution T’
=T(|Py 2;k)()|kV:0>O shown in Fig. 4(d). It has a “sleeping-
bat” shape, with the top parts of the “wings” above the upper
branch of the S curve. Thus, after the jump of the pumped
mode polarization P(k,,) from the lower to the upper part of
the S branch, modes with momenta over a large range of k
vectors [Ak~1 um™', see Fig. 4(b)] around k~0 and ~2K,
become strongly unstable. Namely, immediately after the
jump of the pump to the upper S branch, many polariton
modes acquire a large growth increment of the order of I’
~0.1 meV, i.e., their population starts to grow with a time
constant A#I""! comparable with the MC polariton lifetime.

The predominant scattering pattern in the system is in
accord with the distribution of growth increment I" above the
threshold. To describe the experimentally observed transi-
tion, we performed numerical solutions of the Gross—
Pitaevskii-type equations of Refs. 13—15 in the time domain,
which were carried out on a rectangular mesh in momentum
space with a step size of 0.1 um™', as shown in Figs. 5 and
6. The system parameters are close to the experimentally
studied system. The Rabi splitting is 6.4 meV, the exciton-
photon detuning is —0.5 meV, the exciton linewidth is 0.2
meV, and the cavity quality factor is Q~4 X 10°. The steps
in the time domain are 20 fs. The time range of the simulated
excitation pulse is 1.4 ns. The polariton modes accounted for
in the calculation are in the range -4.2 um™'<k,
<7.8 um ' and -3.0 um™'<k,<3.0 wm™, and the calcu-
lations show that the population of the boundary modes is
negligibly small. The pump wave number is [k,|=k,,
=1.8 um™' (corresponding to the angle of incidence
~14°) and the pump detuning is E,—E;p(k,)=0.48 meV,
which are very close to the experimental parameters in Figs.
2 and 3. As compared to the numerical results presented in
Ref. 15, we now increase the number of total polariton
modes in the simulation by 2.25 [the mesh step in the (k,,k,)
momentum space is decreased from 0.15 um™' in Ref. 15 to
0.10 wm™" in this paper].

Figure 5(a) represents the situation below the threshold:
The 8-shaped distribution of intracavity field conforms to the
prediction of Refs. 10 and 11 and the experimental results for

intermediate pump intensities [Figs. 3(b) and 3(c)].

Figure 5(b) represents the situation immediately above the
threshold: After crossing the critical point on the S-shaped
curve of the response in Fig. 4(a), a sharp increase in intra-
cavity field first occurs, accompanied by a fast growing in-
stability of many polariton modes in the range of k vectors
where the decay rate I'(K) is positive with maxima around
k=~0 and k=2k,, as shown in Fig. 4(c).

(a)

k (um™)

k(™)

FIG. 5. (Color online) Calculated momentum-space distribution
of the intracavity optical field intensity (a) below, (b) in the vicinity,
and (c) above the threshold. The calculation is performed with the
assumption of a slow increase in pump intensity in the vicinity of
the threshold point, dI/ly,di=~6.4X 107 ps~'. Accordingly, (b)
displays a transient distribution averaged over 100 ps after the dras-
tic breakup of the single-mode solution. At the same time, (c) rep-
resents the quasi-steady-state distribution formed ~300 ps later.
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FIG. 6. (Color online) Calculated momentum-space distribution
of the intracavity optical field intensity above the threshold of Fig.
5(c) in a magnified scale near k~0 (left panel) and k~ 2k, (right
panel). The rectangular mesh shown, with a step of 0.1 um™!, cor-
responds to the discretization of our numerical scheme. It is seen
that the final macroscopically occupied signal state in the numerical
model is slightly displaced from k=0 to k,=0.3 um~'. A slight
analogous displacement (k,~0.15 um™') can also be found in the
experimental distribution [see Fig. 3(f)].

Figure 5(c) represents the quasi-steady-state distribution
above the threshold. Eventually, in agreement with the ex-
perimental observations for high pump intensities in Figs.
3(e) and 3(f), the system evolves to a state with two modes at
k~0 and k~2k,, with an occupation much greater than all
the neighboring ones. The numerical simulation in the time
domain'® shows self-organization: The passage to a quasis-
tationary distribution shown in Fig. 5(b) takes 7,4~3
X 107 ps after the breakup of the single-mode solution. This
time is much greater than the lifetime of a cavity polariton
~3 ps. Time-resolved experimental measurements are be-
yond the scope of this paper and, hence, will be presented
elsewhere.

We note that at powers close to the threshold [Fig. 3(d)],
we observed polariton emission with k vectors between the
maxima of stimulated emission on the 8-shaped figure, as
shown in Fig. 3(d) (top panel). The emission pattern occurs
along vertical lines parallel to [011] crystallographic axes.
We believe that the physical origin of these lines is the result
of temporal instabilities of parametric scattering at pump
powers close to the threshold of parametric instabilities. In
this case, probably most of the time, the population of the
pumped mode corresponds to the lower position of the S
curve. Thus, scattering occurs in states at k vectors away
from k=0. This results in pronounced maxima at k vectors in
the figure 8. In the real experiment, there is always excess
noise, which, for example, may arise from the multimode
character of the excitation laser. This increased noise may
drive the pumped mode toward the upper branch of the S
curve, which leads to temporary amplification of many har-
monics with k vectors inside the figure 8, as considered in
the paper. Since we record our emission for several seconds
in the experiment, the recorded k-space images have both
pronounced maxima in the figure 8 and some amplification
of polariton harmonics at intermediate k vectors. The direc-
tion of the stripes of the polariton emission pattern is very
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likely related to the asymmetries of the refractive index in
the structures, as we have previously reported in real space
images.”

IV. DISCUSSION AND CONCLUSION

We note that some of us have previously observed the
direction of signal emission to be independent of the pump
detuning?* or excitation angle.?> Also, Baas et al.,' reported
the observation of a signal at 6°. However, the key observa-
tion of the abrupt transition between two scattering patterns
in the same experimental system has not been previously
reported. The observed threshold behavior is analogous to a
first-order phase transition in nonlinear systems when the
amplitude of a particular amplified mode (order parameter)
exhibits a discontinuity as a function of the driving param-
eter (pump intensity). However, there is a significant differ-
ence. In the case of a first-order phase transition, the system
exhibits a transition into a different stable state. By contrast,
according to numerical simulations, the MC system exhibits
a transition into an intermediate state with amplification of
many unstable polariton modes, after which further self-
organization takes place.

Self-organization occurs due to multiple interactions of a
number of amplified polariton modes and, generally speak-
ing, cannot be reduced to a simple breakup of the pumped
mode. It may be proven by numerical simulations, which
assume only the intermode decays of the pump, i.e.,
(k,.k,) = (k,2k,~k) and (k,.k)=(k,k,) for all k (any
“signal-signal” interactions are now excluded). Such a sys-
tem also exhibits a drastic breakup of the single-mode solu-
tion, which is followed by amplification of many modes as
considered above. However, in this case the system recovers
the figure 8 scattering pattern in the k space after the ampli-
tude of the pumped mode falls due to scattering into numer-
ous signals with various k vectors. Therefore, self-
organization of the stimulated polariton-polariton scattering
to the macroscopically occupied signal (k~0) and idler
states is not observed in numerical simulations if the signal-
signal interactions are neglected.

To conclude, we have experimentally demonstrated a
sharp transition with an increase in the pump intensity of the
scattering pattern of polaritons in a planar MC from an
8-shaped region to a directional one. This transition is theo-
retically explained via the interplay between the pumped po-
lariton mode bistability and the polariton-polariton paramet-
ric scattering instability within a multimode system.
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