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Interplay between weak localization of exciton-polaritons and the optical spin Hall effect

T. C. H. Liew,! C. Leyder,®> A. V. Kavokin,>* A. Amo,? J. Lefrére,®> E. Giacobino,? and A. Bramati?
ICentre for Quantum Technologies, National University of Singapore, Singapore 117543
2School of Physics and Astronomy, University of Southampton, Highfield, Southampton SO17 1BJ, United Kingdom
3Laboratoire Kastler Brossel, Université Paris 6, Ecole Normale Supérieure et CNRS, UPMC Case 74,
4 Place Jussieu, 75252 Paris Cedex 05, France
4Marie-Curie Chair of Excellence “Polariton Devices,” University of Rome II, 1, via della Ricerca Scientifica, Rome 00133, Italy
(Received 27 October 2008; revised manuscript received 2 December 2008; published 16 March 2009)

The multiple scattering of exciton-polaritons by a static disorder in planar microcavities results in their weak
localization, characterized by a pronounced backscattering signal. This effect is associated with an enhanced
optical spin Hall effect leading to the appearance of ballistic spin currents in the plane of the cavity. We
demonstrate experimentally and theoretically the coexistence of these two mesoscopic effects and interplay

between them.
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I. INTRODUCTION

Exciton-polaritons are electrically neutral quasiparticles
that can be optically excited in various solid-state systems,'
including semiconductor microcavities.”> Recently, semicon-
ductor microcavities have demonstrated great potential for
both fundamental science, with the observation of polariton
Bose-Einstein condensation,>™ and practical applications,
with the promise of polariton lasing.®-® These phenomena
are the upshot of the light effective mass and relatively large
coherence length of polaritons. Such polariton properties
also give rise to other various mesoscopic effects including
weak localization? and resonant backscattering.'®!! These re-
lated effects are general properties of disordered systems!? in
which waves can become trapped in potential minima or
undergo elastic scattering.

Other applications of semiconductor microcavities rely on
the fact that polaritons carry spin.!® The potential of micro-
cavities for spintronic devices was recently raised with the
experimental observation of the optical spin Hall effect
(OSHE),'* which consists of the optical generation and ma-
nipulation of polariton spin currents in a microcavity plane.
The OSHE implies the resonant Rayleigh scattering of po-
laritons; that is, since the energy of polaritons depends only
on their absolute wave vector (apart from a minor influence
of longitudinal-transverse splitting), polaritons can elasti-
cally scatter to any point on a circle in reciprocal space [see
Fig. 1(a)]. The ballistic propagation of scattered polaritons is
accompanied by precession of their pseudospins (or Stoke’s
vectors'”) around an effective magnetic field proportional to
the splitting between transverse electric and transverse mag-
netic polariton modes. This rotation results in the buildup of
right- or left-circular polarization (depending on the direction
of scattering) and leads to the formation of polariton spin
currents. The coherence of the polariton system is main-
tained by the OSHE.

Although the potential experienced by polaritons in mi-
crocavities is continuous, the physics is qualitatively identi-
cal to the scattering of waves in a discrete random medium in
which the positions of scattering points are fixed. The inter-
ference of different scattering paths determines the exact an-
gular distribution of scattered polaritons, which tends to re-
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sult in a fast-varying function of the scattering angle. This
gives rise to the well-known speckle pattern. Smooth corre-
lations of the disorder potential privilege the scattering at
small angles. The multiple scattering leads to the enhance-
ment of backscattering; any multiple-scattering path carries
exactly the same phase change as the reverse path, which
allows constructive interference if the input and output wave
vectors are oppositely oriented [Fig. 1(c)]. This well-known
mesoscopic effect has been observed for polaritons.'!

There is an interplay between the OSHE and the resonant
backscattering/weak localization, which we demonstrate ex-
perimentally in this paper by polarization, wave vector and
spatially resolved measurements of the resonant Rayleigh
scattering from a microcavity. For backscattering to occur in
a given area in a microcavity sample, the polariton lifetime,
7, must be sufficiently larger than the mean time between
scattering events, 7,, to allow multiple-scattering paths to
interfere. Hence the appearance of a backscattering peak rep-
resents an area on the sample with relatively long polariton
lifetime. In such areas we can thus expect the long-distance
propagation of polariton spin currents. Theoretically, the ef-
fects of disorder are described by a Schrédinger equation for
the spinor polariton wave function.

FIG. 1. (Color online) (a) The polariton dispersion: polaritons
created at a given wave vector (e.g., along k,) can elastically scatter
to any point around a circle in reciprocal space. (b) The first-order
scattering of polaritons dominates the secondary emission of the
cavity when the mean time between scattering events, 7y, is greater
than the polariton lifetime, 7. (c) When 7> 7, multiple polariton
scattering is significant and constructive interference between re-
verse paths (shown by solid and dotted arrows) enhances
backscattering.
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FIG. 2. (Color) Three-dimensional plots showing the time inte-
grated intensity in the region in the far field where backscattering is
expected. The vertical scale is a linear scale in intensity; the colors
represent a logarithmic scale. Panels (a) and (b) show the results
measured from points A and B on the sample, respectively. (c) and
(d) show the results from theoretical modeling with polariton life-
times equal to 5 and 10 ps, respectively.

II. EXPERIMENT

The sample and the experimental setup we used is de-
scribed in Refs. 16 and 14, respectively. We studied a high-
quality factor 2\ GaAs/AlAs cavity with three low indium
content Ing o4Gag gsAs quantum wells—one at each antinode
of the cavity mode. The Rabi splitting energy is 5.1 meV.
Polariton linewidths are in the 100 weV range, correspond-
ing to a lifetime 7 in the 1-10 ps range. We excited the
sample at an angle of 12° with linearly polarized light (the
polarization was checked to a precision of 2% using a polar-

FIG. 3. (Color) The circular polarization degree in the far field.
Panels (a)—(d) correspond to the same situations in Figs. 2(a)-2(d).
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FIG. 4. (Color) The circular polarization degree in the near field.
(a) and (b) show the results measured from points A and B on the
sample, respectively. (c) and (d) show the results from theoretical
modeling with polariton lifetimes equal to 5 and 10 ps, respectively.

izing beam splitter and photodetector). The pump is focused
on the microcavity to a spot of 50 um diameter. The micro-
cavity is cooled at 4 K in a cold finger cryostat. The trans-
mitted intensity is collected, polarization resolved, and im-
aged on 1024 X 1024 charge-coupled device cameras. The
imaging is done in the near and far field using a 50 mm
lens. The detected intensities in the two circular polariza-
tions, I, and I_, give the circular polarization degree, p,.
=(I,—1_)/(I,+1_), in both near and far fields.

Let us first discuss measurements from two points on the
microcavity sample, A and B. In Figs. 2—4 the results are
compared with a theoretical model (presented in Sec. III). At
point A there is no significant backscattering signal [Fig.
2(a)]. In this regime we see only weak short propagating spin
currents appearing from the OSHE [Fig. 4(a)]. At point B
there is a large backscattering signal [Fig. 2(b)] and we ob-
serve strong long propagating spin currents [Fig. 4(b)] propa-
gating over distances of the order of 100 wm. The exciton-
photon detuning is —0.5 meV at point A and —0.3 meV at
point B, which results in a shorter polariton lifetime at point
A than at point B. This difference is apparently enhanced by
the photonic disorder. From Fig. 4(a) we make an order-of-

FIG. 5. (Color) Far-field intensity for a selection of different
points, labeled C-J, across the sample.
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magnitude estimate of the mean-free-path length as 10 um.
Given that the group velocity of polaritons is about 1.3
X 10% m/s this gives a scattering time of 7,~7.5 ps. Since
the polariton lifetime has a similar order of magnitude, we
expect that changes in the polariton lifetime can cause tran-
sitions between the single-scattering and multiple-scattering
regimes.

III. THEORY

Due to their long decoherence time,!” it is often a reason-
able approximation to describe polaritons by a wave function
rather than a density matrix. Such an approximation has been
used to study superfluid effects of polaritons,'82! the effect
of energy shifts on parametric oscillators,?>>> and the de-
scription of polariton interference.?® In this approximation
we describe polaritons by a wave function, i,(k), where the
index i represents either spin-up (+) or spin-down (-)
polaritons.?”” We will consider only lower branch polaritons
since for our experimental conditions there is no mechanism
to excite upper branch polaritons. Working in reciprocal
space, the two-dimensional wave function obeys a
Schrodinger equation (in the linear regime) with a random
potential representing the disorder in the system,

(k)
ih% = H,;(K) (k) + f V(K') (K = k')’

ih
+fi(k)—2_'ﬁi(k)- (1)
T
The Hamiltonian can be written as
. h
H,;(k) = 6,;T(k) + 5[(% Q(k)];; (2)

where T(K) represents the nonparabolic dispersion of lower
branch polaritons, o is the Pauli-matrix vector, and € is an
effective magnetic field, which is governed by the
longitudinal-transverse (LT) splitting of polaritons.!> The LT
splitting causes mixing between the different spin compo-
nents and provides a mechanism for spin symmetry breaking.
In other excitation schemes the LT splitting can lead to
unique polarization'”'* and phase/vortex?® patterns. For our
excitation scheme, where we generate an elastic circle in
reciprocal space (using Rayleigh scattering), the LT splitting
causes different circular polarizations to emerge in the four
quadrants (as seen in Fig. 3). This is the OSHE and the
reason for such a pattern can be related to the unique direc-
tional dependence of the effective magnetic field.'*!
Disorder is represented by two potential fields in real
space, V(r) and Vy(r), corresponding to the disorder expe-
rienced by photons and excitons, respectively. Each field is a
stochastic field characterized by root-mean-square ampli-
tudes, Acx, and Gaussian correlation lengths, o¢ x. The pro-
cedure for generating such potentials was the same as in Ref.
12; a collection of Gaussian functions at different points in
space is superimposed with random weights. V(K) is the sum
of the Fourier transforms of V(r) and Vy(r), weighted by
the Hopfield factors**3? for photons and excitons. Note that
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FIG. 6. The polariton lifetime and intensity of the backscattering
signal for points C-J. The intensity is measured relative to the back-
ground Rayleigh intensity, such that an intensity of 1 corresponds to
no enhanced backscattering.

this form of the potential is an approximation; in reality the
disorder can be anisotropic, which can further enhance the
number of backscattered polaritons.'®

The continuous-wave optical pump is represented by

il"e—iEpt/ﬁ

(K) = A&k )2L2/4—‘
Sk = A T~k —iT

3)
This represents the introduction of polaritons in the system
by a Gaussian shaped pump with wave vector k,,, energy E,,
linewidth T', spot size L, and amplitude and polarization
given by A;. We choose (A,,A_)=(1,1) for an x-linearly po-
larized pump and (A,,A_)=(i,—i) for a y-linearly polarized
pump. The decay of polaritons caused by exciton recombi-
nation and the escape of photons through the Bragg mirrors
of the microcavity is modeled phenomenologically with a
lifetime, 7. Since in the experiment under consideration all
polaritons have a similar magnitude of in-plane wave vector
any variation in 7 with the in-plane wave vector (caused by
varying photonic fraction) is neglected. Setting the initial
polariton fields to zero, Eq. (1) can be solved numerically
using a time propagation method to yield the evolution in
reciprocal space. The polariton fields are easily obtained in
real space using an inverse Fourier transform. The fields be-
come stationary within 30 ps.

The results of our calculations are shown in Figs. 2—4 for
two different polariton lifetimes, 5 and 10 ps, representing
different points on the sample. Given the scattering time of
7,~7.5 ps, these two points correspond, respectively, to the
regimes in which single scattering [Fig. 1(b)] and multiple
scattering [Fig. 1(c)] are dominant. The parameters used
were kp: 1560 mm~!, T'=0.2 meV, L=42 um (correspond-
ing to full width at half maximum of 50 wum), A,
=04 meV, Ay=0.15 meV, o,=1 um, and ox=0.3 um.
The LT splitting was 0.05 meV at the pump wave vector. The
polariton dispersion was calculated using a two coupled os-
cillator model,*® in which the photon and exciton masses
were 3 X 107m, and 0.22m, respectively, where my, is the
free-electron mass. The Rabi splitting was 5.1 meV as in the
experiment.

IV. DISCUSSION

For short polariton lifetime the backscattering is weak
[Fig. 2(c)] and only weak polariton spin currents appear [Fig.
4(c)]. This situation corresponds to the experimental results
from point A on the sample [Figs. 2(a) and 4(a)]. For long
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lifetime the propagation of spin currents over distances of the
order of 100 wm [Fig. 4(d)] is associated with a backscatter-
ing peak [Fig. 2(d)]. This situation corresponds to the experi-
mental results from point B on the sample [Figs. 2(b) and
4(b)]. Clearly, a longer lifetime is favorable both for the
OSHE and resonant backscattering. Both effects coexist if
7> 7,. We note that some differences appear between experi-
ment and theory, particularly in the real-space images of Fig.
4 and we attribute these to our approximation of the structure
of disorder, which takes a very specific form in reality. In our
study we have understood that Fig. 4(a) can be more closely
reproduced theoretically by the introduction of an additional
single point defect; however in this paper we wish to con-
centrate on the relationship between the polariton lifetime
and the backscattering. For this reason we do not introduce
changes in the disorder structure into our theory; however we
respect that changes in the disorder structure are almost cer-
tainly present in the experiment.

We also performed measurements on other points across
the sample (Fig. 5). A correlation between the backscattered
intensity and the lifetime measured at each point (Fig. 6)
confirms our interpretation that backscattering is associated
with longer polariton lifetimes.

Theoretically, the circular polarization degree of spin cur-
rents [Figs. 4(c) and 4(d)] can lie anywhere within the range
of —1-+1. However, experimentally the measured circular
polarization degree of spin currents [Figs. 4(a) and 4(b)] is
less, obtaining values between —0.3 and 0.3. This difference
can be expected from the fact that the polariton distribution
is not fully coherent, particularly due to phonon-polariton
scattering, which is not accounted for. The polarization con-
version efficiency, including a quantum correction, has been
considered in detail recently.?!

V. CONCLUSION

By allowing the separation of spin currents in real and
reciprocal space, the OSHE could be at the heart of future
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spintronic devices based on semiconductor microcavities.
For this reason it is important to understand the conditions
under which the OSHE is enhanced and those under which it
is suppressed. In this paper we studied the correlation be-
tween the enhanced resonant backscattering/weak localiza-
tion and the OSHE. For some points on a microcavity
sample, with weak backscattering, the OSHE is strongly in-
hibited. However, it is still possible to manufacture OSHE
reliant devices by using other points on the sample where the
backscattering is strong. Both effects need a relatively long
polariton lifetime to be pronounced. They are suppressed
with increase of the (negative) exciton-photon detuning,
which shortens the polariton lifetime.

Finally we would like to comment on the expected effects
of nonlinearity, which could be the subject of future work. In
the nonlinear regime, the interaction energy between polari-
tons raises their energy above the disorder potential. This can
reduce the resonant Rayleigh scattering and lead to a super-
fluid regime.??33 Correspondingly we expect the OSHE to be
suppressed in regions of high polariton density (near the cen-
ter of a pump-laser spot). However, it is possible that some
scattering centers will still have sufficiently high potential to
scatter polaritons, such that polarized spin currents can still
be realized via the OSHE. However, the interaction energy of
polaritons in these spin currents will overcome the majority
of the disorder potential; the spin currents could travel over
larger distances than observed in the linear regime, possibly
undergoing superfluid propagation.
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