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Abstract

We have studied the dynamics of the light emitted by a semiconductor microcavity paying special attention to the time-
evolution of the degree of polarization, ¢, of the photoluminescence. ¢ depends strongly on the excitation power-density, an
abrupt increase occurs when the emission becomes stimulated. Furthermore, we have found that a finite time is needed to reach
the highest value of spin orientation, in contrast with the case of excitons in quantum wells where the spins are aligned almost
instantly after a pulsed excitation. The faster emission dynamics of the polaritons that undergo stimulated emission, as
compared with that of the polaritons with opposite spin, produces a very fast and efficient reversal of the polarization in the

nonlinear regime. © 2001 Elsevier Science Ltd. All rights reserved.
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Semiconductor electronic devices rely on the precise
control of electronic charge, and in general the fact that
the electrons also have a spin is ignored in practice.
However, the scattering processes for electrons depend on
their spin state. Recently, interest in electronic spin polari-
zation in solid-state systems has grown fuelled by the possi-
bility of producing efficient photoemitters with a high
degree of polarization of the electron beam, creating spin
memory devices and spin transistors as well as exploiting
the properties of spin coherence for quantum computation.
The control of the spin is very important for the develop-
ment of new data storage and processing methods: a new
field, known as ‘spintronics’, deals with the possibility of
manipulation of electronic spin to read and write infor-
mation through magnetism [1-8].

The properties of spin polarized carriers in bulk semi-
conductors, their generation, characterization and the
mechanisms responsible for the spin relaxation have been
profusely studied in the past [9—12]. The spin relaxation, i.e.
the change in the spin state, takes place through scattering
with phonons or impurities, as a consequence of the change
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in momentum together with the spin-orbit coupling. This
process for electrons in the conduction band of bulk semi-
conductors appears from the mixing with finite momentum
states of the valence band: Elliott—Yafet (EY) [13,14]and
Dyakonov’— Perel’ (DP) [15—17]mechanisms. In the case of
a simultaneous existence of electrons and holes, after an
optical excitation, this relaxation is due to the exchange
interaction between both kinds of carriers, which is known
as the Bir—Aronov-Pikus (BAP) mechanism [18]. The
scattering by magnetic impurities is similar to that described
by the BAP: the role of the holes is taken in this case by the
localized spin in the magnetic impurity.

Experimental investigations on the spin dynamics in low-
dimensional semiconductors have flourished in the last
decade. In these systems, the electronic properties,
compared to those of bulk semiconductors, are strongly
modified by quantum size effects, and new, additional
scattering mechanisms appear both for carrier transport
and for the spin, due to the spatial confinement of the
carriers [19,20]. Different techniques, such as time-resolved
photoluminescence and ‘pump and probe’ spectroscopy
have been used to study the spin dynamics [21-23]. In
these experiments, the influence of the temperature, the
doping level, the excitation power, etc. on the different
spin-flip mechanisms is investigated in great detail. Their

0038-1098/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0038-1098(01)00115-6



M.D. Martin et al. / Solid State Communications 119 (2001) 259-270

5 UPB |

260
T T T T T
1.622
1.620 - o
< r <&
2
> 1618}
2>
o) L
C
L
1.616 |-
| @ o
1.614
1 1 1 1 1

Sample Position (arb. units)

Fig. 1. LPB (@) and UPB () energies as a function of the position of the excitation spot on the sample, for a time delay of 650 ps. The lines are

guides to the eye.

dependence with the geometry of the quantum structures
and the differences with the situation found in bulk semi-
conductors has been established. Many works deal with the
spin processes of excitons [21,23-30], including the study
of the influence of external electric fields [31]. Fewer
investigations deal with the spin-flip of individuals electrons
and holes in 2D systems [21,26,32,33]. Extensive theoretical
studies have been also done on the spin-flip relaxation of
excitons [34—37], and free carriers [19,38—40]. For a recent
review see Ref. [41].

Semiconductor microcavities offer new possibilities to
control the matter—radiation interaction, just by placing
quantum wells (QWs) in different points of the standing
wave established between the mirrors of the cavity. Since
the pioneering work of Weisbuch et al. demonstrating the
strong exciton-cavity coupling by the observation of
the Rabi splitting [42], numerous works have dealt with
the linear optical properties of the polaritons in the micro-
cavities [43—60]. In spite of that significant changes on the
spin dynamics are to be expected in semiconductor micro-
cavities, due to the mixed photon-exciton character of the
polaritons and the inefficiency of the spin-flip mechanisms
on the cavity-like mode, only recently investigations on the
polarization properties of VCSELs [61,62] and micro-
cavities [63—69] have been reported. Recently, the non-
linear properties of semiconductor microcavities have
been the subject of intense research [65-67,70—81] due to
the possibility of achieving the so-called boser effect. The
saturation of the strong coupling regimen for large exci-
tation densities has been a handicap for the study of the
non-linear properties [46], however, the continuous
improvement of quality of the samples has made possible
the observation of polariton non-linear emission in the last 2
years [65-67,75-81].

In this paper we review the dynamics of the light emis-
sion, paying special attention to the time evolution of the
polariton spin, in both linear and non-linear regimes. In

particular, under high excitation, we show that the emission
is highly polarized in the non-linear regime: the polarization
of the radiation emitted by the coupled exciton-cavity
system presents a striking behavior and its dynamics is
strongly influenced by exciton-cavity detuning. These
facts give experimental evidence of polaritonic stimulated
emission and reveal the important role played by the spin in
microcavities.

The experiments are performed in a temperature variable
cryostat exciting the samples with light pulses (~2 ps,
repetition rate 82 MHz) obtained from a Ti:Sapphire
mode-locked laser pumped by an Ar*-ion laser. The photo-
luminescence (PL) is time-resolved in a standard up-con-
version spectrometer [82], using a LilO; non-linear crystal.
A double grating monochromator is used to disperse the up-
converted signal. The time-resolution is limited by the pulse
width and the spectral resolution is ~0.5 meV. The exci-
tation pulses are circularly polarized by means of a A/4
plate, and the PL is analyzed into its " and o ~. The
measurements are performed under non-resonant excitation,
above the cavity stop band (1.71 eV). We present the time
evolution of both the PL and its polarization degree, as a
function of excitation density and exciton-cavity detuning.

The samples are grown by molecular beam epitaxy. They
include dielectric mirrors separated by an Alj,sGag7sAs
region in which three pairs of coupled GaAs QWs are placed
in the antinode positions of a 3A/2 planar microcavity. The
interruption of the substrate’s rotation during growth origi-
nates a slight wedge in the cavity thickness, which allows
tuning the cavity resonance to the transition in the QW.
These microcavities have been characterized in detail
under cw excitation [55].

Let us start by describing the behavior of the light
emission under low excitation conditions. Fig. 1 shows the
energies of the upper- and the lower-polariton branches,
labeled UPB and LPB, respectively, for different positions
of the excitation beam on the sample surface. These energies
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Fig. 2. Time evolution of the PL emitted by the LPB (®) and by the UPB (<) for an excitation density of 5 W/cm?.

are obtained from time-resolved photoluminescence spectra
taken 650 ps after excitation with 5 W/cm?. The normal
mode splitting (NMS) becomes resolvable only for time
delays larger than 300 ps due to the large linewidth of
both polariton branches at very short times, when the polari-
ton population is still not thermalized. The NMS varies
between 3.7 and 7 meV due to the blue shift of the upper
polariton branch. This fact reveals the photonic character of
the UPB and the excitonic character of the LPB under these
conditions. The NMS found in time-resolved experiments,
which correspond to detunings between 0 and 3 meV, are
comparable to those found under cw excitation, varying
between 4 and 7 meV [55]. Although in this sample we
have not access to negative detunings, under low excitation,
we will show later that a dynamical shift of the excitonic
part of the polariton, under high-excitation conditions, will
allow to sample positive as well as negative detunings

The characteristic time evolution of the LPB and UPB
emission is presented in Fig. 2. The rise of the PL has
several contributions: the photocreated electrons and holes
bind into large K excitons in the first tens of picoseconds
[83]; these excitons scatter into LPB and UPB states and
continue reducing their energy and momentum via the emis-
sion of acoustic phonons. The PL reaches its maximum

Table 1
Characteristic rise (7g) and decay (7p) times of the lower polariton
(LPB) and upper polariton (UPB) branches extracted from a fit to a
four-level model of the time evolution of the emission of each
branch

Tr (PS) Tp (Ps)
LPB 240 = 20 350 = 25
UPB 160 £ 15 185 £ 15

when the polaritons have reached K~0 states. This K~0
population exponentially disappears via radiative recombi-
nation and escape of the polaritons out of the cavity. The
time dependence, with slow rise and decay times, is similar
for both polariton branches. The solid lines in Fig. 2 corre-
spond to fits with a four-level model, which considers an
initial reservoir of large K exciton-polaritons. The relax-
ation towards K~O states is taken into account by the non-
radiative decay of the reservoir population, characterized by
'T][{J and Tk, which are the rise time of the PL emitted by the
UPB and the LPB, respectively. The radiative decay from
these states is described by Tg and T]ﬁ.

A detailed study of these characteristic rise and decay
times as a function of NMS, has revealed almost no depen-
dence on this splitting, in agreement with the results of
Abram and co-workers [84] and of Sermage et al. [49] for
the case of positive detunings. The characteristic times
extracted from the four-level model fit are summarized in
Table 1. These times have to be considered just as a first
approximation to the polariton dynamics, especially in the
case of the rise time, due to the simple relaxation processes
considered in the model.

The analysis of the PL emitted after excitation with circu-
larly polarized light is commonly used to study the proper-
ties of the third component of the total angular momentum
Jz, which will be called spin in the following[10,11]. A ¢
excitation light will mainly populate the +1 spin level of the
system. After that, a —1 spin population will appear as a
result of the spin flip mechanisms, which eventually
equalize both spin populations. The recombination of this
—1 spin population will result in a o -polarized emission.
The polarization degree of the PL (referred in the following
simply as polarization), g, is defined as g =
IT" =1 /1T + 1, for o excitation, where I~ denotes
the PL intensity emitted in the ¢ and o~ polarization,
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Fig. 3. (a) ot (@ and o™ (O) polarized PL spectra at 110 ps; C and X denote cavity- and exciton-like branches, respectively. (b) Polarization
degree of the PL at 110 ps. (c)o * (®) and o~ (O) polarized time-evolution of the cavity-like polariton branch at ~1.62 eV. (d) Time evolution
of the polarization of the cavity-like polariton branch. All the data are obtained with an excitation density of 9 W/cm®.

respectively. In the case of the spin relaxation of cavity
polaritons, their mixed radiation—matter character has to
be considered. Since there is no mechanism that changes
the spin of its photonic part, the spin relaxation of polaritons
occurs through the spin relaxation of their excitonic com-
ponent. We will show in the following that the spin
dynamics of cavity polaritons is very different from that of
bare excitons.

Fig. 3 summarizes the main results of the polarization-
and time-resolved experiments performed with low exci-
tation densities, 9 W/cm? Panel (a) shows the o™ (solid
circles) and the o~ (open circles) polarized components of
the PL, measured at 110 ps for a NMS of 4.5 meV. The two
polariton branches are resolved in the spectra and the o -
polarized PL intensity is larger than that of the o -polarized
component. The different intensities of the two circularly
polarized components are more evident in the cavity
(C)-like polariton branch, as shown in the polarization
spectrum plotted in Fig. 3(b): the polarization of the exciton
(X)-like polariton branch is <5%, while that of the C-like
polariton branch is ~20%. The time evolutions of the o -
and o -polarized PL for the C-like polariton branch are
depicted in Fig. 3(c), with the corresponding evolution of

the polarization shown in Fig. 3(d): the initial polarization
degree of ~20% remains nearly constant for the first 50 ps
and then decays to zero as the +1 and —1 spin populations
are equalized as a result of the spin relaxation processes.
This behavior is completely different from that observed in
the spin dynamics of excitons in bare QWs, where the spin
relaxation processes produce an exponential decrease of the
polarization to zero from its = 0 maximum [21]. The small
initial value observed in the time evolution of the polari-
zation is due to the non-resonant excitation conditions. In
this case, electrons are promoted from k # 0 states, which
due to the complexity of the VB do not have a pure *+3/2 or
*1/2 spin, creating electrons with both +1/2 and —1/2 spin
states in the CB. The radiative recombination of —1/2 spin
electrons with +3/2 spin holes results in a o -polarized
emission, while the recombination of +1/2 spin electrons
with —3/2 spin holes results in a o -polarized emission.
Therefore the difference in the initial (@t = 0) intensities
of the o *- and the ¢ ~-polarized PL components is directly
related with the difference between the +1/2 and —1/2 spin
electron populations, which is governed by the VB mixing.

The o /o~ emission intensity difference is enhanced by
the increase of the excitation density, as shown in the PL
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Fig. 4. (a) c* (®) and ¢~ (O) polarized PL spectra at 110 ps; C and X denote cavity- and exciton-like branches, respectively. (b) Polarization
degree of the PL at 110 ps. (c) o' (@ and o~ (O) polarized time-evolution of the cavity-like polariton branch at ~1.62 eV. (d) Time evolution
of the polarization of the cavity-like polariton branch. All the data are obtained with an excitation density of 12 W/cm®.

spectrum depicted in Fig. 4(a), at 110 ps delay for an exci-
tation density of 12 W/cm?. In this case, the polarization
degree of the C-like mode is ~60% (Fig. 4(b)). The
recombination dynamics is progressively accelerated with
increasing excitation power, a fact related with the appear-
ance of stimulated emission, as we will show later. Fig. 4(c)
shows the time evolution of the o (solid circles) and the
o (open circles) polarized PL of the C-like mode. The
large difference in the PL intensities of the two circular
components of the C-like mode turn into a large polarization
degree and a conspicuous spin dynamics, as shown in Fig.
4(d): the constant polarization observed in the first 50 ps of
the time evolution of ¢ (Fig. 3(d), 8 W/cm?) changes into a
clear polarization maximum at ~100 ps for an excitation
density of 12 W/ecm®. The difference with the conventional
spin dynamics of bare excitons becomes more evident in this
case. The fact that a finite time is needed to reach the maxi-
mum polarization indicates that there must be a new scatter-
ing mechanism that competes with the conventional spin
relaxation and which is not active in the spin dynamics of
bare excitons in QWs. This new mechanism favors +1 spin
polaritons while the spin relaxation processes will try to

equalize both +1 and —1 spin populations. Since the
strength of this new spin-aligning mechanism increases
with excitation density, it is possibly related with the
bosonic nature of the polaritons: the relaxation of polaritons
with a given spin towards K~O states is stimulated by the
population of the same spin already occupying these states,
as reported recently in the literature [65-67,73,75,77,85].
After reaching its maximum, the polarization degree
decreases very quickly. This is due to the strong reduction
of the decay time of the C-like mode as it approaches the
stimulated emission regime by increasing the excitation
power. The +1 spin population is emitted as o -polarized
PL in a fast stimulated emission process, therefore the +1/
—1 spin population difference reduces very quickly, taking
@ back to zero in a very short time. An additional fact
corroborates the polaritonic nature of this new spin process:
the maximum of polarization approaches r = 0 as the NMS
in increased. This means that, as the excitonic component of
the LPB is increased by going away from the resonance, the
efficiency of the polariton stimulated scattering process
decreases. The time evolution of ¢ continuously changes
to that characteristic of bare excitons in QWSs, with the



264 M.D. Martin et al. / Solid State Communications 119 (2001) 259-270
T T T T T T
——20 W/em®
- —0— 16 W/em?
= —8— 14 W/cm® 1
S
g
8
= i
‘@
c
2
£
—
o i
1.615 1.620 1.625 1.630
Energy (eV)

Fig. 5. PL spectra measured at 100 ps delay for different excitation densities. (H) 14 Wicm?, ©O) 16 W/em? and ()20 W/em?. X/C denote the

excitonic/photonic character of the polariton branches.

maximum polarization occurring at time delays closer to
t =0, followed by an exponential decay.

We will concentrate now on the optical response of the
microcavity under high-excitation conditions. In this
regime, the results and predictions found in the literature
have been the subject of new interest and controversy, due
to the possibility of bleaching the polaritons under high

excitation [46]. Since this plasma is characterized by a
continuum energy spectrum its interaction with the cavity
will be in the weak-coupling regime. In such a case the
cavity will only act as a filter, allowing the transmission
of light with energies similar to that of the cavity resonance.
When the cavity resonance is tuned to the excitonic
transition, the PL spectrum changes from a double peaked
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structure to single peaked [46]. However, we will show that
a gradual increase of the excitation density does not bleach
the polaritons in our experiments, in agreement with recent
results in the literature [65—-67,75-81].

Fig. 5 compiles the PL spectra at 100 ps delay for several
excitation densities. The LPB becomes resolvable, as a very
narrow peak (FWHM~1 meV) at 1.621 eV, at short time for
excitation densities greater than 15 W/cm?. For large exci-
tation densities the LPB and UPB exchange their excitonic/
photonic character: the UPB is exciton-like (X) and the LPB
is photon-like (C). This exchange is due to the energy shift
of the exciton-like polariton emission with time as will be
described later. The emergence of a non-linear regime in the
emission of the LPB, as the excitation power is increased, is
manifested in the behavior of the integrated emission and of
the linewidth of the PL shown in Fig. 6. The FWHM of the
UPB decreases continuously by a factor of ~2 with increas-
ing excitation power, while that of the LPB is reduced by a
factor of ~4 with increasing excitation density and shows a
marked threshold at ~20 W/cm? (Fig. 6(b)). Beyond this
threshold its linewidth remains approximately constant at
~1 meV. The abrupt reduction of the FWHM concurs with
a transition to a non-linear emission regime in the integrated
emission intensity, which is shown in Fig. 6(a) for both
polariton branches at a delay of 50 ps. The integrated emis-
sion of the UPB (open diamonds) shows a linear dependence
with excitation power, while that of the LPB shows a more
complicated behavior. For small powers (<18 W/em?) the
intensity of the LPB is approximately constant, a threshold
is observed at I;~20 W/cm® (which corresponds to an
injected photon density of ~2.5% 10'" photons pulse ™
cm %) and a superlinear growth is obtained in the intermedi-
ate excitation power range (20—30 W/cm?). The excitation
density threshold increases slightly with increasing NMS, as
depicted in the inset of Fig. 6(b). This fact is in agreement
with the findings of André and co-workers, who report that

the non-linear emission threshold is minimum at zero exci-
ton-cavity detuning and that it increases when the NMS is
varied, either to the positive or the negative regions [86]. For
larger excitation densities (>30 W/cm?) the integrated
intensity shows again a linear behavior.

As mentioned above, the LPB and UPB emission energies
at short times are higher than those observed at long times
and there is an exchange of the excitonic/photonic character
of the two polariton branches with increasing delay time.
Fig. 7 depicts the emission energies of both polariton
branches as a function of time for an I excitation power.
At short times (<100 ps), the UPB has an excitonic
character (X) while the LPB has a photonic character (C).
As the polariton population decreases at longer times, due to
its recombination, the LPB recovers its exciton-like charac-
ter (X) and the UPB its photon-like character (C), as was
determined by cw and long-delay time-resolved experi-
ments performed under low excitation densities. The exci-
tonic part of the polariton is the one that red shifts with time,
while the shift of the cavity-mode is negligible as expected
from its electromagnetic character. Similar shifts of excitons
have been observed in bare QWs and have been attributed to
exciton—exciton interaction [§7—89]. A clear anticrossing of
the UPB and the LPB is observed at ~200 ps. This dynami-
cal shift of the exciton obtains negative detunings at short
times, before the anticrossing takes place. The blue shift,
observed at short times in our experiments, is a manifes-
tation of many-body effects and therefore one could expect
that at high exciton densities the exciton-cavity coupling
would be strongly reduced. However, the observation of
an anticrossing in time indicates that, in our experiments,
the decrease of the exciton oscillator strength with increas-
ing exciton population is not enough to destroy the exciton-
cavity strong coupling and is a signature of the persistence
of the polaritons.

The line narrowing, the excitation density threshold and
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Fig. 8. Time-evolution of the PL emitted at 1.621 eV (LPB position at short times, UPB at longer times) for an excitation density of 20 W/cm®.

the superlinear growth displayed by the emission of the LPB
with increasing excitation density demonstrate its non-linear
behavior. This three effects together with the anticrossing in
time suggest that the PL observed above [, can be attributed
to stimulated emission arising from the radiative recombi-
nation of polaritons from the LPB states.

The increase of excitation power leads to several impor-
tant changes also in the recombination dynamics. Fig. 8
shows the time evolution of the LPB (1.621 eV) for an exci-
tation density of 20 W/cm?. While the PL emission at low
excitation powers is governed by a spontaneous process,
which is characterized by slow rise and decay times (Fig.
2), the dynamics is accelerated and the polariton recombi-
nation process is driven by the stimulated emission at high
powers. A conspicuous effect of the increase of the exci-
tation density is the existence of a delay time for the
beginning of the non-linear emission, shown by an arrow
in Fig. 8. This delay corresponds to the time needed for the
build up of the LPB population, and it might be related with
the bottleneck in the relaxation of polaritons towards K =0
states [90]. The rapid rise of the PL observed beyond the
threshold could be interpreted in terms of stimulated scatter-
ing, which enhances the build up of the polariton K =0
population. Similar delays for the beginning of the stimu-
lated emission in semiconductor microcavities have been
reported in the literature [76,91].

The time needed to reach the maximum emission (7,y)
and the decay time (7p) of the LPB are drastically reduced

as the polariton system enters into the non-linear emission
regime, as illustrated in Fig. 9(a) and (b), respectively for a
NMS of 4.5 meV. The reduction of 7,,,, is due to a reduction
of the LPB population build up time with increasing exci-
tation density: the polariton—polariton scattering is
enhanced by the increase of excitation power 65,73] leading
to a faster population of K=0 states. 7p decreases by
approximately a factor of 5 at the threshold for stimulated
emission. For excitation densities beyond the threshold the
recombination dynamics is governed by the polariton stimu-
lated emission and the decay time remains nearly constant.
Both, 7p and 7, are practically independent of NMS, as
they were in the case of low excitation densities [84]. A third
feature in the dynamics of the light emission of the LPB
shows a marked dependence on excitation power: the curva-
ture, {, of the intensity vs. time, at early stages, changes
from negative to positive around Ij. This dependence,
obtained at 20 ps, is depicted in Fig. 9(c). A further increase
of the excitation density above [ leads to a progressive
increase of the curvature. { increases slightly with decreas-
ing NMS, this fact is linked with the reduction of the excita-
tion density threshold with decreasing positive detuning,
shown in the inset of Fig. 6(b).

The differences in the +1 and —1 spin dynamics
described above for low excitation power are more evident
for excitation densities above the stimulated emission
threshold, revealing the non-linear origin of the processes
governing both, the polariton recombination and spin
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Fig. 9. (a) Time to reach the maximum emission (7,,x), (b) decay time (7p) and (c) normalized curvature ({) of the initial rise of the LPB, at
20 ps delay for a NMS of 4.5 meV, as a function of the excitation density. The lines are guide to the eye.

dynamics. Fig. 10 depicts the polarization-resolved PL spec-
tra at 65 ps (panel (a)) and the time evolution of the C-like
mode (panel (b)) for an excitation density [, =20 W/cm?
and a NMS of 5 meV. Under such an excitation density, at
short times the LPB is C-like and the UPB is X-like (see Fig.

PL Intensity (arb. units)

(a) (b)

Energy (eV)

7). It is evident in Fig. 10(a) that the intensity of the o’-
polarized emission (solid circles) is much larger than that of
the o -polarized one, especially in the case of the LPB. This
fact reveals that the stimulated emission occurs only in the
o polarization, i.e. the same as the one used for excitation.

Fig. 10. (a) PL spectra at 65 ps time delay. (b) Time evolution of the cavity-like polariton branch, for o (®) and o~ (O) polarization (the ot
time-evolution has been displaced for clarity). Data obtained with an I; excitation density and 5 meV NMS. X/C denote the excitonic/photonic

character of the polariton branches.
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Fig. 11. Time evolution of the polarization degree of the LPB (a) and the UPB (b), under an excitation density /y, for a normal mode splitting of

5 meV.

The polariton—polariton scattering is spin selective and
obtains a build up of a large +1 spin population what
leads to a very intense ot stimulated emission. The time
evolution traces depicted in Fig. 10(b) reveal that the o*
intensity, at short times, is much bigger than that of the o~
emission due to the +1 spin population stimulated recom-
bination. The rise of the o "-PL is very short due to the
polariton—polariton stimulated scattering, reaching its maxi-
mum in ~50 ps. The stimulated scattering transfers most of
the non-resonantly created polaritons to the K~0 LPB-states
of +1 spin, building up a very large polarized polariton
population. The decay of the o "-PL presents two distinct

regimes. The first one, lasting up to ~100 ps, has a very fast
dynamics and arises from the stimulated emission process.
The second regime is characterized by a slower dynamics
and arises from a spontaneous emission process. The
dynamics of the —1 spin population is very different to
that of the +1 population, not showing any evidence of
stimulation and is characterized by long times. It should
be mentioned that the oscillations observed in the o *-PL
are due to the strong non-linearities and instabilities while
the stimulated emission lasts.

The different +1/—1 spin dynamics is also evident in the
polarization degree of the PL, depicted in Fig. 11 for the
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Fig. 12. Time evolution of the polarization degree of the LPB for an excitation density 1.3 Iy, and normal mode splitting of 4.5/6 meV (a/b).
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same conditions of Fig. 10. For the LPB (Fig. 11(a)), ¢
increases from its small initial value (~20%) as a result of
the polariton final state stimulated scattering into +1 spin
LPB states. This spin aligning mechanism competes with
the spin relaxation processes and as a result of this compe-
tition the maximum polarization is reached at a finite time.
A maximum polarization of ~90% is reached at ~50 ps,
coinciding with the maximum in the o *-stimulated
emission of the LPB. The abrupt fast decay of g is due to
the fast disappearance of the +1 polariton population due to
the stimulated emission. Large polarization degrees have
been observed in the LPB non-linear emission under both,
cw [65] and pulsed excitation [69]. In the case of the UPB
(Fig. 11(b)), the maximum of g, which also occurs at # # 0,
amounts only to ~60%. This maximum at a finite time of the
UPB polarization degree indicates that there is also a polari-
ton—polariton stimulated scattering mechanism that results
in a large +1 spin UPB population. However, there is no
stimulated emission from the UPB due to the smaller
efficiency of the scattering to UPB states compared to that
to LPB states. This lower scattering efficiency is related with
the smaller photonic content of the UPB at short times,
which has been shown to have mainly an excitonic
character.

The polarization dynamics is strongly dependent on NMS
as shown in Fig. 12, which depicts the polarization degree of
the LPB for a 1.31y, excitation density and a NMS of 4.5 and
6 meV. For the case of NMS =4.5meV (Fig. 12(a)) a
maximum polarization of ~90% is followed by a very fast
decrease of g, which reaches large negative values
(~ — 30%). Such a striking time evolution of the polari-
zation degree originates mainly from the time-dependent
difference of the +1 and —1 populations in the stimulated
emission regime and not from spin-flip processes. At short
time delays (<50 ps) the +1 spin population is much bigger
than the —1 (the ratio is 95 + 5 at ~50 ps). The spin selec-
tive stimulated scattering process transfers the majority of
the polaritons into the +1 spin state. For intermediate
delays, the large +1 population escapes the cavity through
stimulated emission reducing the +1 population very
quickly. The spin relaxation processes are not fast enough
to compensate the fast disappearance of the +1 population
so that the number of —1 spins is bigger than that of +1 and
therefore the polarization becomes negative. After that, for
longer time delays (>170 ps), the stimulated scattering
process is not efficient any longer because the polariton
population has been drastically reduced and the ‘slow’
spin-flip mechanisms rule the spin dynamics, making +1
and —1 populations equal, thus taking ¢ ‘slowly’ back to
Zero.

The spin dynamics is very different when the NMS is
increased. In the case of a NMS = 6 meV (Fig. 12(b)) the
maximum value of ¢ is again very large (>95%) but no
negative polarization is observed. The polarization decay
after reaching the maximum is slower than for smaller
NMS. The disappearance of the +1 spin population lasts

now longer due to the modification of the stimulated
emission dynamics by the increase of the NMS. The spin
relaxation mechanisms can now compensate the lack of +1
spin polaritons by flipping —1 spins. Both spin populations
equalize bringing g directly to zero, without reaching nega-
tive values. For excitation densities higher than 2/ the
negative dip shown in Fig. 12(a) disappears and a time
evolution of the LPB polarization similar to that of larger
NMS, but with faster dynamics, is obtained.

The fact that the LPB polarization changes from very
large positive to negative values in just 100 ps has never
been observed before in any semiconductor system, to the
best of our knowledge (in the absence of magnetic fields,
otherwise oscillations of the PL polarization in QW’s is
observed as a consequence of the Larmor precession of
the spin of the holes, forming the exciton, in the field
[92]). Such a fast, and with high contrast, reversal of the
polarization degree could be exploited in the design of new
spintronics devices, like ultrafast switches, based on the spin
dynamics of microcavity-polaritons.

In summary, we have shown the existence of stimulated
processes for the lower polariton branch in microcavities,
revealed by drastic changes in the photoluminescence and
its time evolution as a function of excitation density. Polari-
zation-resolved measurements show that the stimulation is
spin selective and leads to very high values of the polari-
zation. The polariton-spin dynamics is very different to that
of bare excitons: the spins are realigned giving rise to a
polarization maximum at finite times. This dynamics is
strongly influenced by the normal mode splitting, obtaining
a sharp swap from very large positive to negative values of p
for small exciton-cavity detuning.
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