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We have performed real and momentum space spin-dependent spectroscopies of spontaneously formed
exciton polariton condensates for a nonresonant pumping scheme. Under a linearly polarized pump, our results
can be understood in terms of spin-dependent Boltzmann equations in a two-state model. This suggests that
relaxation into the ground state occurs after multiple phonon-scattering events and only one polariton-polariton

scattering. For the circular pumping case, in which only excitons of one spin are injected, a bottleneck effect

is observed, implying inefficient relaxation.
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I. INTRODUCTION

Bose-Einstein condensation (BEC) is an active field of
research, especially after its realization in dilute alkali
gases.!> Microcavity exciton polaritons,’> composite quasi-
particles consisting of quantum well (QW) exciton and mi-
crocavity photon components, have been proposed as candi-
dates for BEC.° Due to their low mass, the critical
temperature for BEC is expected to be high, even up to room
temperature.” The confinement in two dimensions, along
with the dual exciton-photon character of polaritons, enables
interesting optical studies. Indeed, several characteristic sig-
natures of dynamical condensation have been reported in re-
cent years 310

However, the lifetime of polaritons is short, on the order
of 10 ps in our GaAs-based sample when condensation is
observed, so the system is inherently dynamical. In previous
studies, the final energy distribution of polaritons was com-
pared to the Bose-Einstein distribution for steady-state’ or
time-resolved!! data. These results are explained by model-
ing the relaxation mechanism in terms of polariton-acoustic
phonon and polariton-polariton scattering.'>"'* However, tak-
ing into account the polariton spin degree of freedom intro-
duces further complications due to the interplay between en-
ergy and spin relaxation.'>-!7

Here, we report the insights we gained on the relaxation
mechanism based on polarization-dependent studies of exci-
ton polariton condensation under nonresonant incoherent
pumping. For linearly polarized pump, the condensate emis-
sion develops both nonzero linear and circular polarization.
We observed rotation of the linear polarization axis by ~90°
between the pump and condensate. The exact rotation angle
is correlated with the handedness of the observed circular
polarization. These signatures are similar to the observations
of a parametric oscillator experiment,'® which were
interpreted!® in terms of spin-asymmetric polariton-polariton
interaction.’’> We use a two-state model employing the
spin-dependent Boltzmann equations'® to understand our ex-
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perimental results. The agreement we obtain reveals the
similarities of the nonresonant pumping scheme to paramet-
ric oscillator (magic angle) geometries.”? In the former case,
it is believed that polaritons suffer multiple scatterings with
phonons and other polaritons before reaching the k,~0 re-
gion, so any phase coherence inherited from the laser should
be lost, whereas in the latter case only one polariton-
polariton interaction occurs.’* Further, the observed spectra
under circular pumping show a bottleneck effect. This sug-
gests that polaritons cannot efficiently relax into the ground
state when only one spin species is present. A similar sup-
pression of the scattering rate was observed in parametric
amplification experiments.?>20

In Sec. II we describe our experimental setup. Our mea-
surements of the Stokes vector and the corresponding theo-
retical model are presented in Secs. III and IV, respectively.
Section V covers the relaxation bottleneck under circularly
polarized pumping. Our conclusions are drawn in Sec. VI. In
the Appendix, we write down the equations used in our the-
oretical model.

II. EXPERIMENTAL SETUP

The sample is the same as in Ref. 27. It consists of an
AlAs }5‘ cavity sandwiched between two distributed Bragg
reflector (DBR) mirrors. The upper and lower mirrors are
made of 16 and 20 pairs, respectively, of AlAs and
Gag gAly,As. Three stacks of four GaAs QWs are grown at
the central three antinodes of the cavity. The spectroscopy
setup is described in Ref. 28 and it allows us to perform
near-field (NF, real space) and far-field (FF, momentum
space) imaging and spectroscopy. That is, we can measure
energy-resolved luminescence as a function of position or of
in-plane momentum. The measurements reported here are
taken from a spot on the sample with photon-exciton detun-
ing 6=+6 meV, while the Rabi splitting is 27aQg.p;
=14 meV. The sample is kept at a temperature of 7-8 K on
the cold finger of a He flow cryostat. The system is pumped
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FIG. 1. (Color online) (a) The polarization measurement setup.
Vectors label the fast or polarization axes of the optical compo-
nents. The laser pump is initially horizontally polarized (6[,:90")
and is incident at an angle of 55° with respect to the growth direc-
tion z. Luminescence is collected along the z axis. The first variable
retarder (VR1) and linear polarizer (LP1) work as a variable attenu-
ator. By rotating a half wave plate (HWP1) and by using a remov-
able quarter-wave plate (QWP1), we can implement various polar-
ization states for the pump. The second variable retarder (VR2) is
used as a zero, half, or quarter-wave plate. The combination of a
quarter-wave plate (QWP2), variable retarder (VR3) and linear po-
larizer (LP2) is used for detection of a particular linear polarization
state, depending on the retardance of VR3. Inset: definition of
angles 6, and 6, corresponding to the polarization axes of the pump
and detection, respectively. (b) Measured dispersion curves for TM
(6,=0° blue dots) and TE (6;,=90° red squares) luminescence for
low excitation density (60 um™2 per pulse per QW). The plotted
points are the first moments of measured spectra for every k,. A
small ground-state splitting is visible. k,=3 um™' corresponds to
21° in air. Inset: The measured TM-TE splitting (black dots) and the
theoretical prediction for our sample parameters with a superim-
posed ground-state splitting of 50 ueV (red line). (c) Measured
spectra for k,=0 (points) fitted with Lorentzians (lines).

with a mode-locked Ti-sapphire laser of 2 ps pulse width and
76 MHz repetition rate focused on an ellipse of diameters 50
and 30 wm. For FF data, luminescence is collected through
an aperture at the first image plane corresponding to a circu-
lar area of 30 um diameter on the sample. The pumping
laser is incident at an angle of 55° (Fig. 1 inset, correspond-
ing wave number k,=-7 um1) at the exciton resonance
wavelength. The setup employs liquid crystal polarization
components as shown in Fig. 1(a). We can pump with linear
polarization of varying angle 6,, as well as general elliptical
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polarization. The detection can be performed for linear po-
larization of arbitrary angle 6, or for right- and left-circular
polarizations.

Using the transfer-matrix method?*° for exciton inhomo-
geneous broadening of 3 meV, as measured at the far blue
detuned regime, we estimate that the absorbed laser powers
for TM (6,=90°) and TE (6,=0°) pumpings are ~4% and
~0.9%, respectively, of the incident power. We assume that
the absorption efficiency is independent of power. In the rest
of the paper, the various pump polarization states refer to the
actually absorbed light inside the cavity, taking into account
the calculated differential absorption of TM and TE pump-
ings.

A ground-state (k,,=0) linear polarization splitting of
~50 weV, similar to earlier studies,'®3!3? is measured for
low excitation power and the current sample orientation
[Figs. 1(b) and 1(c)] possibly due to crystal asymmetry or
strain. The observed superimposed linear polarization split-
ting for k,# 0 is in quantitative agreement with a transfer-
matrix calculation [Fig. 1(b) inset].

III. STOKES VECTOR MEASUREMENT

The polarization state of light is characterized by the fol-
lowing three parameters (normalized with respect to the total
power), which are equivalent to the Stokes parameters as
originally defined:33

e =l g —Lyse -

T+

(1)

1

= 5 2= 5
Lye + Ioge Lyso +1 450

where I, Igpe, 1450, and I_ys are the intensities of the linearly
polarized components at 6,=0°, 90°, 45°, and —45°, respec-
tively. I; and I, are the intensities of the left- and right-
circularly polarized components, respectively. From the
above parameters, we can calculate the degree of linear po-
larization (DOLP) and the angle of the major linear polariza-
tion axis i,

DOLP=\S7+53, ¢= %arctan(%) . (2)
1
We record the far-field spectra for varying pumping power
and polarization angles 6, and 6, and sum the intensities
inside the area |k,|<0.55 um™' (corresponding to 4°). The
observed normalized intensities / g, are only weakly depen-
dent on the choice of this area and are shown in Fig. 2. In
Fig. 2(a) we plot the measured luminescence intensity for
linearly polarized light along 6,=0° and 6,=90° as a func-
tion of pumping power in units of the generated polariton
density per pulse per QW. The pump is horizontally polar-
ized (6,=90°). Data show a nonlinear increase above a
threshold density of ~400 wm™, which marks the onset of
condensation. By measuring all six intensities required by
Eq. (1), we calculate the three Stokes parameters. The results
for this pump polarization (6,=90°) are plotted in Fig. 2(b)
along with the theoretical curves (to be discussed in the next
section).
For circularly polarized pump [Fig. 2(c)] and well above
threshold, the signal is perfectly circularly polarized, up to
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FIG. 2. (Color online) Measurement of Stokes parameters
(markers) compared to the theoretical model (solid lines). (a) Hori-
zontal pumping (6,=90°). Collected luminescence for 6,=0° (red
squares) and 0,=90° (blue circles) vs injected particle density in
um™2 per pulse per QW. A clear threshold is observed at 5
X 10> um=2. [(b) and (c)] Degree of polarization measurement for
(b) 6,=90° linear pumping and (c) left-circularly polarized pump-
ing. Blue circles: S;, green diamonds: S,, red squares: S5 defined in
Eq. (1). (d)—(f) Calculated polarization parameters from the mea-
surement of the Stokes parameters for linear pumping [Egs. (1) and
(2)]. (d) DOLP. (e) Angle for major axis of linear polarization
relative to 6,. (f) Degree of circular polarization (S3).

-99.4%. This is due to the short polariton lifetime
(~10 ps), which is shorter than the spin-relaxation time.
The negative sign of S; means that the angular momentum of
the emitted photons along the z axis is the same as that of the
optically injected exciton polaritons, since we pump and de-
tect from the same side of the sample [Fig. 1(a)].

We next focus on linearly polarized pumping and vary the
direction of linear polarization for the pump (6,). Above
threshold, a nonzero degree of linear polarization develops
[Fig. 2(d)], while the polarization direction is rotated by
~90° compared to the pump [Fig. 2(e)]. Also, a circularly
polarized component emerges, with S changing sign for
varying 6), [Fig. 2(f)]. The sign change is correlated with the
deviation of ¢— 6, from 90°. The path followed by the po-
larization vector for increasing power and 6,=90° linearly
polarized pumping is plotted in Fig. 3(a).

IV. THEORETICAL MODEL

To interpret these results we have used a simplified model
based on the spin-dependent Boltzmann equations for polari-
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FIG. 3. (Color online) (a) The path followed by the polarization
vector for increasing excitation power (6,=90° linearly polarized
pumping). The projections on the three normal planes are shown
with colored dots; the color scale corresponding to the injected
polariton density 7 in wm™2 per pulse per QW, as shown in the color
bar. (b) Schematic of the proposed relaxation mechanism: the opti-
cally excited polariton A first looses energy by phonon scattering,
then scatters with one other polariton (B) and populates the ground
state.

tons in microcavities.'® Our model is based on two states,
representing the condensate and reservoir, each characterized
by a 2 X2 spin-density matrix. The polariton-polariton scat-
tering matrix element in parallel spin configuration, a; (posi-
tive), is believed to be much greater in magnitude!>?! than
that in antiparallel configuration, a, (negative). Therefore,
calculating the transition rates we keep only terms OCa% and
the interference terms *a;a,. We assume the reservoir is
quickly populated by the pump from fast polariton-phonon
relaxation. Then we consider the polariton-polariton scatter-
ing processes, which populate the condensate [Fig. 3(b)].

The spin anisotropy of the polariton-polariton interactions
gives rise to two important effects. First, a 90° rotation of the
linear polarization appears upon one polariton-polariton scat-
tering, which has been evidenced in parametric oscillator
experiments in magic angle!® as well as degenerate
configurations.* This is because of the difference between
the scattering matrix elements of linearly polarized polari-
tons

1
(. 9|V|b, ) = E(al + ), (3)

1
<¢+90°,¢+90°|V|¢,¢>=5(a1—az), (4)

where V is the polariton-polariton interaction operator and
|) is the linear superposition (] 7)+¢%¢| | )) of spin-up and
spin-down polaritons. We note that if multiple polariton-
polariton scattering events are involved, the initial polariza-
tion information should be lost.

Second, if there is an imbalance of the populations in the
two spin components (in either the condensate or the reser-
voir) then a self-induced Larmor precession of the conden-
sate and reservoir Stokes vector occurs. This is because of
the difference in the polariton-polariton interaction energy
between the different spin components. This precession be-
comes faster by increasing the polariton population. There-
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fore, at high pumping rates, the degree of linear polarization
of the luminescence decays in our time-integrated data [Fig.
2(d)].

Other polarization sensitivities derive from an assumed
energy splitting between states linearly polarized at 19° and
109°, as is evidenced from Fig. 1(c) and from the lack of
circularly polarized component in the luminescence for exci-
tation with 6,=19°. This splitting causes a rotation of the
Stokes vector if the reservoir state is not an eigenstate with
linear polarization of 19° or 109°, which results in nonzero
S5 [Fig. 2(f)]. The condensate Stokes parameters are time
integrated and normalized by the time integrated condensate
population for comparison to the experimental results.

The results of our model are represented by solid lines in
Fig. 2. We assumed a condensate lifetime of 2 ps, reservoir
lifetime of 100 ps, pulse duration of 2 ps, a,/a;=-0.025,
and polarization splittings of 50 ueV for both the conden-
sate and reservoir. The final equations and the value we used
for a; are provided in the Appendix. The main features of
our experimental results are explained within this model.

V. RELAXATION BOTTLENECK UNDER
CIRCULARLY POLARIZED PUMPING

In Fig. 4 we compare the FF and NF spectra for two
pumping schemes, namely, linear [6,=90°, Figs. 4(a) and
4(b)] and left-circular [Figs. 4(c) and 4(d)] polarizations. Un-
der linear pumping, we observe that the linewidth narrows at
threshold and luminescence is concentrated around k,=0 and
x=0. For higher excitation power, the momentum and posi-
tion distributions broaden and the condensate energy blue-
shifts. Under circular pumping and at just above threshold,
relaxation bottleneck is observed in momentum space at k,
~+23 um™! (£16° in air), while in real space lumines-
cence is concentrated at the center of the excitation spot.
This implies that relaxation into the zero-momentum region
is only efficient when both spin species are present. For
higher excitation power, luminescence is mainly observed
around k,=0 and x=0, similar to the linear pumping case.
This result is consistent with previous parametric amplifica-
tion experiments,>*® where a suppression of the scattering
rate toward the zero-momentum region was observed when
only one spin species was present.

Polariton condensation is a competition between relax-
ation and decay from the cavity. Our data suggest that relax-
ation is more efficient in the linearly polarized pump case,
whereas decay is more efficient in the circularly polarized
pump case. On the other hand, our simple two-state model
treats the relaxation rate as a free parameter. Derivation of
this rate involves a full many-body calculation, where all
states in momentum space need to be considered. A more
sophisticated model is therefore needed to understand the
results of this section.

The inefficient cooling for the circular pumping case is
further evidenced in the FF images presented in Fig. 5 for
various pumping powers. Above threshold, they do not pos-
sess the k, <> —k, reflection symmetry. The laser pump is in-
cident at (k,,k,)=(0,-7) um™', so the polariton distribution
is shifted toward the source. On the contrary, under linearly
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FIG. 4. (Color online) FF (k, in um~' vs wavelength in nm) and
NF (x in wm vs wavelength in nm) spectra for various injected
particle densities (in um™ per pulse per QW). (a) FF, 6,=90°, 6,
=0°. (b) NF, same pumping-detection scheme. (c) FF, left-circular
pump, right-circular detection. Note that the projection of angular
momentum along the z axis [Fig. 1(a)] has the same sign for both
pump and detected photons. (d) NF, same pumping-detection
scheme.

polarized pumping the momentum space distribution is al-
ways spherically symmetric. Detailed data of the momentum
space distribution along the x axis for increasing pumping
power are shown in Fig. 6(a). The cross-circularly polarized
component is much weaker above a threshold pumping
power, as shown in Fig. 6(b), and does not condense [Fig.
6(c)].

Figure 7(a) shows the measured spectra near zero momen-
tum (|k,|<0.55 wm™) for linearly polarized pumping (6,
=90°, 6,=0°). We observe a linewidth decrease and blueshift
just above threshold. We note that the observed energy shift
shows an almost logarithmic increase as a function of pump-
ing power, similar to Ref. 35. From a polariton-polariton
interaction point of view, a linear increase would be ex-
pected. Figure 7(b) shows the same spectra for left-circularly
polarized pump and right-circularly polarized detection. We
observe a similar blueshift but no linewidth narrowing. The
reason for the different spectral linewidths is not well under-
stood. It might indicate that the temporal coherence is not
necessarily enhanced with increasing accumulation of polari-
tons near the zero in-plane momentum.
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FIG. 5. (Color online) Momentum space images for left-
circularly polarized pumping and right-circularly polarized detec-
tion [same scheme as in Figs. 4(c) and 4(d)]. For increasing pump-
ing power, a ring pattern develops and the images lose reflection
symmetry. Cyan crosses mark the origin in each figure. The pump is
incident at (k,,k,)=(0,-7) pm™

VI. CONCLUSIONS

In conclusion, we studied polarization-dependent lumi-
nescence from an exciton polariton system as a function of
pump power and polarization in a nonresonant pumping ge-
ometry. Spin-dependent polariton-polariton interaction mani-
fests itself in the rotation of the linear polarization axis by
~90° under linearly polarized pumping. This can be under-
stood in terms of a two-state model, suggesting that polari-
tons populate the condensate after multiple phonon scatter-
ings and only one polariton-polariton scattering. In addition,
when only one spin species is injected, we observed a relax-
ation bottleneck. This phenomenon is typically attributed to
inefficient relaxation, leading to photon leakage from the
cavity before polaritons reach the zero-momentum region.
Full determination of the polarization of polariton conden-
sates reveals that the spin degree of freedom plays an impor-
tant role in understanding the relaxation mechanism of mi-
crocavity exciton polaritons.
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APPENDIX

Here we present the equations used in the theoretical
model of Sec. IV. The approach we have taken is based on
the spin-dependent Boltzmann equations for exciton polari-
tons in microcavities of Ref. 16. We have considered two
states, reservoir and condensate, each characterized by a 2
X 2 spin-density matrix

R, (R,—iR)
(R,+iR,) R,
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FIG. 6. (Color online) (a) The momentum space distribution
along the x axis for various polariton densities n (in um™ per pulse
per QW). The pump is left-circularly polarized and the detection
right-circularly polarized [same scheme as in Figs. 4(c), 4(d), and
5]. At n~600 um=2 two peaks appear around k,=+2.3 um™,
which move toward k,=0 um™! for increasing n. Eventually, a cen-
tral peak appears and dominates the luminescence. (b) Lumines-
cence inside the area |k,|<0.55 um™' for the six different polar-
ization states of Eq. (1) as a function of polariton density under
left-circularly polarized pumping. A stimulation threshold is ob-
served at n~ 10> um™2. (c) FF spectra for left-circularly polarized
detection [represented by magenta stars in (b)] for various pumping
powers. A broad distribution following the lower polariton disper-
sion is always observed.

(S T lSy) N !
Here Ry and R are the reservoir populations for spin-up and
spin-down polaritons and R, and R, are the pseudospin com-
ponents that characterize the linear polarization degree mea-
sured in the horizontal-vertical and diagonal basis, respec-
tively. The circularly polarized component R, of reservoir
pseudospin is R,=(R;-R))/2. The corresponding numbers
for the condensate are given by Ny, N, Sy, Sy, and Sz=(NT
-N L)/2. Py, P, P, and P, describe the pump. For example,

wavelength (nm) ___
3
©
01

~
~
e
2

10 10° 10
density n (1 m'z)

FIG. 7. (Color online) (a) The measured spectra near zero mo-
mentum (k.| <0.55 wm™') for linearly polarized pumping (6,
=90°, 6,=0°) as a function of polariton density. (b) Same spectra
for left-circularly polarized pump and right-circularly polarized
detection.
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for TE pumping (6,=0°), we have P;=P =P,. The full rate
equations we used are as follows:

dN
j =-TN; + (0,5, - 0,5)+ WRI(N; +1), (A2)
dN
7 =-I'N, - (0,5, - 0,S,) + WRI(N|+1), (A3)
ds, (a)— @) W oo 2
E =— FSX + wySZ - T(Sz + RZ)S}' + E(RT + Rl)SX
w
+ 2R+ R)WN + N+ 2R, (A4)
a)
ds - w
EX = — FSy - “’sz + M(Sz + Rz)SX + E(R% + R%)Sy
w
+ 2R +R)(N, + N, +2)R,, (A5)
2 oy
dR
d_tT =- YR +(QR, - R,) - WR%(NT +1)+ Py,
(A6)
dR, z
dt = —_ ’le - (Qny_QyRX) - WRI(Nl-'- 1) +Pl,
(A7)
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de (al _ a2)
=R QR -

(S, +R)R,
w

dR -
_.‘L=_,yRy_QXRZ+M

o (S.+ RJR,

- VEV[(NT + 1R+ (N, + DR IR, +P,. (A9)

Here w, , and (), , are the Larmor frequencies corresponding
to the effective magnetic field due to the polarization split-
ting. w, , refer to the condensate and (), , refer to the reser-
voir. I" and vy are the decay rates for the condensate and
reservoir, respectively. As discussed in Sec. IV, we use the
values

50 ueV
o=, = 0 1Y

X

cos(2 X 19°),

50 ueV

w:Q:

=1, sin(2 X 19°),

=05 ps!, y=0.01 ps!. (A10)

The scattering rate from the reservoir to condensate is
W= (ZW/ﬁ)a%p,-, where p; is the density of polariton states at
the idler energy. The idler energy is E;=2E,—E,, where E,
and E. are the energies of polaritons in the reservoir and
condensate, respectively.

We have used the value of a;=5X10"* meV, which is
the estimate of the interaction energy of two polaritons inside
the excitation spot of 10 wum radius. The scattering rate is
estimated as W=5X 1077 ps~.
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