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Abstract. We have observed strong oscillations in the time-resolved
emission of a semiconductor microcavity, excited non-resonantly with
circularly-polarized light pulses. When the cavity is optically driven into a
non-linear emission regime, the period of the oscillations amounts to ~30
ps, independently of the angle of observation. The angular dependence of
the emission, at a negative detuning of -13 meV, shows that although the
cavity starts emitting with maximum intensity at K~0 cm™, the intensity is
rapidly transferred to K~2x10* cm™, close to the inflection point of the
lower polariton branch, giving rise to a ring emission in a cone centred at
~15° At small angles the polarization of the emitted light reverses its
helicity with respect to that of the exciting pulses and steadily becomes
positive for large angles.

1. Introduction

The study of the optical properties of semiconductor microcavities driven
optically in a non-linear response regime has flourished in the last years due to the
possibility of obtaining a polariton condensate. [1-3] The largest effort has been devoted
to the investigation of the strong coupling regime, in which the eigenstates of the system
are not longer pure exciton or pure photon but a superposition of both, known as cavity
polaritons [4]. The strong mixing between excitons and photons modify strongly the in-
plane dispersion relations of the polaritons [5]; this modification is easily observable by
changing the angle of detection in optical experiments [6].The reduction of the density of
states and the bosonic nature of the polaritons leads to the possibility of stimulated
scattering effects at densities well below the exciton saturation density. These effects
have been observed experimentally in I1lI-V and 11-VI microcavities [7-13]. More
recently, it has been shown that in 11I-V microcavities stimulated polariton scattering
cannot be achieved under high-energy non-resonant excitation conditions [14], because
saturation of the strong coupling regime takes place before an occupation factor of the
polaritons close to unity is obtained. However, in 11-VI microcavities, and in particular in
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CdTe based materials, the existence of stimulated scattering and probe amplification
under non-resonant conditions seems to be well established [15,16].

On the other hand, a renewed interest on the carriers’ spin in semiconductor
structures has given rise to a new field, spintronics, which explores the possibility of
designing new spin-based devices. In the particular case of cavity polaritons, due to the
mixed photon-exciton character, significant changes on their spin dynamics with respect
to bare quantum wells are expected. Nevertheless, the spin has been considered only very
recently both under cw [17] and pulsed excitation [10,18-22]. In this work we present
new results on the polariton dynamics, with special emphasis on its spin behavior, in I1-
VI microcavities under non-resonant conditions in the strong coupling regime.

2. Experimental details

The sample is a Cdy.40Mgo.eoTe microcavity of A thickness, sandwiched between
the top (bottom) distributed Bragg reflectors (DBRs). These mirrors are made of 17.5
(23) pairs, of alternating A/4-thick layers of Cdg.40Mgo.s0T€/Cdo.7sMng25Te. Two pairs of
90-A thick CdTe quantum wells are placed at the antinodes of the cavity to obtain the
optimum radiation-matter interaction, which leads to a Rabi splitting of ~ 14 meV. A
slight wedge in the cavity thickness allows tuning the cavity and the exciton into
resonance by moving the excitation spot across the wafer.

The microcavity is mounted in an immersion cryostat, where its temperature is
kept at 2 K, and is optically excited with 1.5 ps pulses at the first minimum above the
stop-band of the DBRs. The emission, angle-resolved using a small pinhole, which
obtains a resolution of 1°, is time- and spectrally-resolved using a streak camera with a
time resolution of ~ 5 ps. For polarisation-resolved measurements, a pair of A/4 plates are
included in the experiment: the excitation light is o*-polarised and the PL emission is
analysed into its o™~ and o "-polarised components. All the experiments presented here
are performed at a negative detuning of -13 meV with power densities below 50 W cm?,
which ensures that the strong-coupling regime is maintained.

3. Results and discussion

Figure 1 shows the time evolution of the photoluminescence, detected at the
lower polariton branch (1.61 eV), exciting at the first minimum above the stop-band
(1.686 eV), for different angles of detection ranging from 0° to 23.5° for a negative
detuning of &= -13 meV and an excitation density of 45 W cm™. Under these conditions,
the strong coupling regime is still preserved as can be inferred by the energy position of
the emission from the lower polariton branch (not shown), which at resonance, =0, has
shifted only 2 meV towards the blue, without collapsing the Rabi splitting. The excitation
pulses where right-handed circularly polarized (%) and the emission was analyzed into
its o*-component. Several aspects are worthwhile to be discussed in the dynamical
behaviour of the light emission:

a) The strongest emission occurs at an angle of [115° and not at Q°.

b) Striking periodic oscillations of the emission intensity are obtained, with a

period independent of the observation angle.

c) The time-delay to reach the first maximum of the emission increases

monotonically with increasing angle.
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Figure 1. Time traces of the CdTe/Cdy.4Mgos Te microcavity emission for
different angles. The data are taken at a negative detuning of —13 meV,
exciting with o”-polarized pulses at the first minimum of the stop band
with a power density of 45 W cm™, and detecting the o* emission. The
traces are enlarged by the factor shown in the figure. Note the oscillatory
behaviour with a period of 30 ps.

The non-resonant excitation of the sample creates excitons that rapidly relax into
polaritons in the cavity. The emission starts at K~0 (0°), at these early times the
polaritons are confined into an energy trap and the dynamics of the light emission is
governed by final-state stimulated scattering, which is responsible for the very fast rise-
and decay-times of the PL. The bosonic character of the final-state stimulated scattering
is evidenced by an exponential increase of the PL intensity from the photon-like lower
polariton branch with excitation power, similar to that observed in pump-and-probe [10]
and cw- photoluminescence experiments [11]. This evidences a self-stimulated emission
from the K~0 states after excitation of very large K excitons, which relax to finite
momentum polaritons in the lower branch. These polariton distribution undergoes
polariton-polariton scattering, and for a magic angle [10] one of the particles ends up at
K~0. However, this behaviour is transient and at later times the maximum intensity of the
emission occurs at an angle of 15.4° (K~2x10* cm™), giving rise to a ring emission,
which has been also observed in resonant- excitation cw [13,23] and time-resolved
experiments [24].

Figure 2 depicts the dispersion of the lower polariton branch (open circles) for the
same conditions shown in Fig.1, together with the dependence of the normalized
integrated intensity on the observation angle (triangles). It is clearly seen that the
maximum intensity is obtained at 15°, close to the inflection point of the lower polariton
branch. The intensity decays abruptly at larges angles and more smoothly at smaller
angles, reaching a minimum at [I7° and increasing again slightly at 0°, reaching a value
one order of magnitude smaller than that at 15°.
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Figure 2. Dispersion of the lower polariton branch (open circles, left
scale) of the CdTe/CdosMgos Te microcavity. Normalized integrated
intensity (triangles, medium right scale) and time-delay of the first
maximum in the emission (solid circles, right-most scale) as a function of
observation angle for 3= -13 meV and a power density of 45 W cm™,

The solid circles in Fig. 2 represent the temporal delay needed to reach the first
maximum in the emission intensity (see Fig.1). This delay increases monotonically with
the observation angle, saturating for large angles, when the lower polariton branch
becomes increasingly more excitonic-like. This behaviour evidences the dynamical
appearance of the ring emission, which can be related to the time evolution of the
polariton population distribution and to the existence of a bottleneck in the rate of energy
relaxation of the excitons into the K~0 polariton trap. At short times (but long enough to
allow the non-resonantly created excitons to form a polariton distribution), the polariton
population is the highest along all its dispersion and the emission originates exclusively
from K~0 states (this occurs before a large number of polaritons escape from the
microcavity). This resembles the situation obtained in cw experiments where strong
coherent emission is observed simultaneously with a ring above a threshold excitation
density [23]. In these experiments is also reported that at low excitation powers the
diameter of the ring emission increases, what is equivalent to our observation that at
longer times after the excitation, when the polariton population has decreased
considerably, the emission shifts to large K vectors and peaks at K~2x10* cm™ (~15°).
This distribution is rather sharp with a FWHM of 2.5 and it is responsible for most of the
emission of the microcavity even at large excitation powers, when the system is driven in
a non-linear regime. It has been proposed that the existence of this non-thermal polariton
distribution could help the start of stimulated scattering towards K~0 states [6], but we
observe that the emission at K~0 happens before this large K distribution is formed. Our
results demonstrate the importance of a temporal- and angular-resolved analysis of the
emission in order to understand more deeply the complex behaviour of the polariton
distribution in microcavities under high-excitation conditions. The difference in energy
of 6 meV between the emission at 0° and 15° accounts also for a shift reported in Ref. 16
where a non-linear cw-emission is obtained for large excitation powers and the cavity is
still in the strong coupling regime.



The excitation intensity dependence of the emission at 15° also reveals a process
of stimulation at K~2x10* cm™. Our interpretation coincides with the one proposed by
Alexandrou et al. [16]: the excitation pulse creates electron-hole pairs in the continuum
of the quantum well embedded in the cavity, which after scattering by LO phonons form
large K excitons. Two excitons with K of different sign may scatter, via a Coulomb
mediated mechanism, producing two polaritons in the upper- and lower-polariton branch,
respectively, conserving energy and momentum. If the population of the lower-polariton
state reaches unity, final-state stimulated scattering is obtained, which lasts as long as
there is sufficient population in the exciton reservoir.

More conspicuous is the observation of strong oscillations in the emission
intensity, with a period of 30 ps, which is independent of the observation angle and of the
helicity of the emitted light (see Fig. 3 below). The trace corresponding to an angle of 12°
in Fig. 1 reveals that the intensity becomes stronger, for certain angles, after the first
period, a behaviour not reported before, to the best of our knowledge, in any time-
resolved emission of a semiconductor heterostructure. The energy scale corresponding to
the beat period is of 136 peV, which does not resemble any characteristic energy of the
microcavity. A similar beat period, described recently for wire-shaped microcavities [25],
has been attributed to uniaxial strain in the quantum well plane resulting from the cavity
patterning to form wires. The strain release causes a reduction of the quantum well
symmetry, which is assumed to be responsible for a lifting of the exciton degeneracy, due
to exchange interaction. The corresponding splitting is also observed, its value being
compatible with the beat period, and showing an oscillatory behaviour. Indeed, the beats
reported for the light intensity and energy of the emission are in antiphase for ¢* and o~
polarization [25].

Figures 3a and 3c demonstrate that in our case the beats are in phase for both
orthogonal polarizations and that the period is independent of the detection angle. The
existence of strain as responsible for an energy splitting and the resulting beats in the
time domain can, in principle, be excluded in our system. A possible explanation for the
existence of the beats is a manybody effect, as a result of exchange and vertex corrections
to the self-energies of dense exciton gases [20,21,26]. However, within the spectral
resolution of our experiments we are unable to detect an energy splitting of the order of
136 peV. This splitting would be, on the other hand, compatible with the observed values
of the degree of polarization obtained in our experiments [26].

Let us now turn into the discussion of the spin dynamics of the polaritons. Figure
3a evidences that at K~0, after excitation with a o*-polarized pulse, the counter-polarized
o -emission (dotted line) is stronger than the co-polarized emission (solid line). This fact
results in a negative degree of polarization, defined as

++ +-
1 =1

I ++ + I +-
with I'" (I") the emission intensity exciting with ¢* polarization and detecting the ™ (0")
component, as clearly seen in Figure 3b. The polarization degree reaches a minimum
value of -30 % before decaying rapidly back to zero.

A detailed discussion of the polarization behaviour can be found in Ref. 21. In the
microcavity discussed in this paper the absolute values of the negative polarization at 0°
(integrated O = -25 %) are smaller than those reported in Ref. 21 due to different
conditions of the experiments such as: sample geometry, Rabi-splitting [19], detuning
and excitation power density in the sample. The absolute values of the polarization
decrease monotonically with increasing angle up to 5°, where the polarization becomes
zero. A further increase of the observation angle leads to positive values of [I,
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Figure 3. (a) Time evolution of the CdTe/Cdy4Mgos Te microcavity
emission at 0°, analysed into its o*-(solid line) and o"-components (dotted
line). (b) Time evolution of the degree of polarization for 0°. Panels (c),
with traces enhanced by a factor of 50, and (d) are equivalent to (a) and
(b), respectively, detecting at 20°. The data are taken at d= —13 meV,
exciting with o*-polarized pulses at the first minimum of the stop band
with a power density of 45 W cm™.

which keeps increasing attaining an integrated value of +20 % at 15° and saturating for
larger angles. Figure 3c depicts the time evolution for both orthogonal polarizations of
the emitted light at a detection angle of 20°, the intensity has decreased considerably (50
times) with respect to that at zero angle. The beats in the ¢*- and o™~ emission are clearly
seen and now the co-polarized component (o%) is definitively larger than the counter-
polarized emission. This is clearly reflected in the polarization shown in Fig. 3d, which
has now positive values at all times. The integrated value of [I is 20%, a peak (80%) in
its time evolution is obtained at finite times (CB0 ps), as it was also the case for negative
values of polarizations, in contrast with the situation in bare quantum wells where the
polarization always decays monotonically from its value at zero time-delay [19]. The
beats observed in the emission are also clearly seen in the time evolution of 0. It is
worthwhile to mention that oscillations in the time evolution of the polarization have
been also hinted in the non-linear emission of GaAs microcavities [19] and in up-
conversion experiments of CdTe microcavities [21] but the high noise level hindered an
unambiguous determination of their existence.

The fact that most of the emission of the cavity, i.e. for angles larger than 5°, has
a positive degree of polarization (I" * > I 7) is in agreement with the conservation of
angular momentum, and validate the results obtained in the up-conversion experiments
[20,21], where the surprising observation of very large negative values of the polarization
was made. These negative values apparently could contradict the conservation of angular
momentum, but one has to take into account that with the up-conversion technique only
emission close to 0° was detected. Since the excitation with o*-polarized pulses was also
non-resonantly, a larger population of excitons with J, =+1 are created, but -1 excitons
are also present. The latter suffer stimulated scattering to K[D [20,21], giving rise to the
negative values of polarization.



5. Summary

Strong oscillations in the time-, polarization- and angle-resolved light emission of
a CdTe microcavity are observed when the system is optically driven into the non-linear
regime. The oscillations are in phase for right- and left-handed helicity of the emitted
light and its period amounts to 30 ps independently of the observation angle. The
emission starts at KD cm™ (0°) with negative values of the polarization and rapidly
evolves into a ring emission centred at 15° (K~2x10* cm™), which present positive values
of the degree of polarization.
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