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Spin-selective spatial filtering of propagating polariton condensates, using a controllable
spin-dependent gating barrier, in a one-dimensional semiconductor microcavity ridge waveguide
is reported. A nonresonant laser beam provides the source of propagating polaritons, while a
second circularly polarized weak beam imprints a spin dependent potential barrier, which gates
the polariton flow and generates polariton spin currents. A complete spin-based control over the
blocked and transmitted polaritons is obtained by varying the gate polarization. © 2015

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926418]

The generation of spin currents from the passage of elec-
trons through ferromagnets is an important building-block
for spintronic devices. For example, magnetic random access
memory has developed from the spin valve concept, in
which the current through a pair of ferromagnets is strongly
attenuated when the magnets have opposite orientations.
This principle has a striking analogy in optics, where the
attenuation of light passing through crossed polarizes also
leads to information processing devices such as spatial light
modulators based on liquid crystals.” Indeed analogies
between spintronics and optics led to the emerging field of
spinoptronics,” aiming to exploit a hybridization of the
different fields.

This hybridization is well illustrated by semiconductor
microcavities in the strong coupling regime, which have
become a promising basis for all-optical devices and cir-
cuits.*® The strong coupling regime gives rise to exciton-
polaritons (for simplicity, polaritons), whose light mass and
integer spin facilitates condensation at elevated tempera-
tures.”'” The excitonic fraction leads to strong carrier-carrier
interactions'' and sensitivity to gating electromagnetic
fields.'”> At the same time, the photonic fraction allows the
spin state of the polariton to be directly imprinted onto
the polarization of the emitted light. An advantage over con-
ventional spintronic devices is that, being neutral particles,
polaritons do not experience strong dephasing due to
Coulomb scattering and the coherent propagation of spin
currents can be achieved over hundreds of microns."?

Optically controlled carrier-carrier interactions in
strongly coupled semiconductor microcavities have been
shown to be a highly effective tool in the engineering of
polaritons’ energy landscapes,'® for both the study of
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polariton condensate phenomena'>™'® and the realization of

nascent polariton devices.'”* The interaction strength is
spin dependent;*>*’ excitons with parallel spins experience
a repulsive force, while the interaction between excitons
with anti-parallel spin is weaker and can be attractive in
nature.?®

In this work, we show that these anisotropic interactions
allow the construction of a photonic analogue of current spin
polarization as in a ferromagnet. Namely, we demonstrate
spin polarization control of a polariton condensate signal
using an optical gate in a high-finesse microcavity ridge. A
schematic of the device is shown in Fig. 1(a) where the

FORTH-IESL

X(um)

FIG. 1. (a) A schematic of the spin filter with the red and blue slopes depict-
ing the energy landscape for ¢ and ¢~ polaritons for a ¢~ (O) gate (G).
The source beam (S) has linear polarization. The degree of circular emission
at C in real space (b) without and (c) with G present where the black dashed
line shows the region of interest of the ridge.

© 2015 AIP Publishing LLC
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optically-imprinted potential landscapes for ¢~ (O, red) and
c’ (O, blue) polaritons are superimposed onto an SEM
image of the microcavity ridge. To produce these landscapes,
a linearly polarized (<) source beam (S) with a power
greater than the polariton condensation threshold (P,;,) injects
carriers into the ridge increasing the potential energy at S.
This carrier-induced blueshift accelerates polaritons along
the ridge, which, if unimpeded, will propagate to the collec-
tor (C) [see Fig. 1(a)]. The linear polarization of S ensures
equal energy blueshifts for both circularly-polarized polari-
ton states. This is evidenced by a photoluminscence (PL)
whose degree of circular polarization, 2, is close to zero
when only S is present [Fig. 1(b)]. 2 is defined as
(Iy+ —I,-)/(I+ + 1,-), where I+ (I,-) is the PL for " (¢7)
detection. A second ¢ -polarized gate beam (G) produces
unbalanced spin-polarized populations of the photo-
generated carriers and therefore spin-dependent blueshifts at
G. The different potential barriers seen by propagating ¢
and ¢~ polaritons, corresponding to an effective Zeeman
splitting, lead to a more efficient blocking of ¢~ polaritons
and thus a net polarization of condensed polaritons between
S and G is obtained. This polarization control is evidenced
by nonzero 2 values when G is present [Fig. 1(c)].*’

The experiments are conducted on a ridge 300 x 20 um?
formed via reactive ion etching of a high-finesse planar
microcavity (Q > 16000).">*° The sample is placed into a
cryostat cooled to 30K and excited non-resonantly using a
microscope objective (NA = 0.55) producing excitation spots
of ~2 um-diameter. The PL is collected with the same objec-
tive and analyzed using an imaging spectrometer to resolve
the emission simultaneously in real space and energy. A
combination of waveplates and polarizers is used to measure
the degree of circular polarization of the PL. The laser is

Detection o~

Detection ¢

0 10 20 30 0 10 20 30
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mechanically chopped (duty cycle 5%) to minimize heating
of the ridge. S and G are kept close to the end of the ridge in
order to focus on the spin filtering operation rather than spin
transport.

The energy-resolved PL is collected along the long axis
of the ridge (X) and from its center (Y =0, AY =5 um) for
different configurations of G, under a linear-polarized S (see
Fig. 2). Column I (I) shows normalized PL maps under ot
(67) detection. Column III compiles 2. In column IV, blue
and red lines (¢ and ¢~ detection, respectively) depict the
PL spectra at G, energy-zoomed as indicated by the small,
green boxes in columns I and II.

Figures 2(a-1)-2(a-IV) compile the results under excita-
tion with only the linearly polarized S (5.7P,;). In both Figs.
2(a-I) and 2(a-II), emission is observed at S (X=0) and C
(X ~25 um). The difference between the energy of the emis-
sion at S (~1.541eV) and C (~1.538 eV) originates from the
carrier induced blueshift at S. Similarity between Figs. 2(a-1)
and 2(a-II) is illustrated in Fig. 2(a-III) which shows no net
circular polarization of the emission from the ridge. As
shown in Fig. 2(a-IV), in the absence of G, both spectra peak
at the same energy (AE = E,+ — E;- = 0) at X =15 um.

The corresponding results when an additional ¢ -polar-
ized, below threshold (0.7P,;,) G beam is introduced between
S and C (at X =15 um) is illustrated in Figs. 2(b-1)-2(b-IV).
The PL between S and G (X & 5 um) arises from polaritons
stopped by the potential barrier at G. There is a striking dif-
ference between the maps shown in Figs. 2(b-I) and 2(b-II):
in the former case, the PL at C is stronger than that of the
trapped S-G state, while in the latter one, the opposite situa-
tion is observed. This preferential blocking of ¢~ polaritons
induces a positive degree of circular polarization in the PL
from C and a negative one from the trapped S-G condensate,

Degree of circ. pol. (¢?) PL spectra X=15 um

1.6397
1.5394
1.5391

1.5412
1.5409

1.5406

Energy (eV)

1.5412

1.5409

- - 1 757 1.5406

0 10 20 30 Normalized PL intensity
X (Mm) (arb. units)

FIG. 2. PL intensity emitted along the center of the ridge as function of energy and real-space (X), under non-resonant, CW excitation for different S and G
configurations: (a) linearly polarized («) S only, (b) linearly polarized S and ¢~ polarized () G, (c) linearly polarized S and o™ polarized (©)) G. Columns (I)
and (II) show the polariton PL under ¢ and ¢~ detection, respectively; for each row ((a)-(c)), the intensity has been normalized to the maximum value
obtained at a given detection. Column (III) depicts the degree of circular polarization (#). Column (IV) zooms the normalized PL intensity emitted at
X =15 um (G spot position) under ¢ (blue) and ¢~ (red) detection as function of energy in a small range, indicated by the green boxes in columns (I) and (II);
to evidence the energy splitting (see blue/red arrow pointing at the spectrum peak E,- /E,-), the spectrum for ¢/~ detection in panel (b-1V)/(c-IV) is multi-

plied by 1.75. The S/G power is 5.7 P,/0.7P ,.
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as seen in Fig. 2(b-III). In Fig. 2(b-1V), the zoomed spectra
at G show polariton distributions with a peak at higher
energy for ¢~ polaritons (AE < 0).

The reversibility of this effect is observed in Figs.
2(c-1)-2(c-IV), where the polarization of G is set to 6. The
change of sign in the energy splitting, AE > 0, demonstrates
the spin dependence of the blueshifts on the G polarization.

The spatial structure of polariton condensates is typi-
cally described using a mean-field description, generalized
to include incoherent pumping and decay.®’ The incoherent
pumping excites a hot exciton reservoir, which can be
assumed to have a steady density profile in a continuous
wave (CW) experiment. Excitons then undergo stimulated
relaxation into the polariton condensate, which can be
described using the Landau-Ginzburg approach,*? here gen-
eralized to account for the spin degree of freedom and
energy relaxation.>® The evolution of the 2D spinor polariton
wavefunction (X, 1) is

dy,(x,t - ;
lh% = ELP —+ (OCI — lFNL)W/(r(Xa [)|2 +d2‘lﬁ_”(x7 [)|2

+V5(x) + iWs(x) —% Y (X,1)

HRR[Y(x,1)], (1)

where ¢ = = denotes the two circular polarizations of polari-
tons. E;p represents the kinetic energy dispersion of polari-
tons, which at small wavevectors can be approximated as
Epp = —1*V"/(2m), where m is the polariton effective mass.
o; and o, represent the strengths of interactions between
polaritons with parallel and antiparallel spins, respectively.
Polaritons enter the condensate at a rate determined by
W, (x, t), which is both polarization and spatially dependent.
While the non-resonant laser used in the experiment is polar-
ized, it in general excites both spin polarizations due to the
partial spin relaxation of hot excitons during their relaxation
to form polaritons. The condensation rate is then given by

WO'(X) = PJ(X) + I‘P,U(X), (2)

where P,(x) is the spatial profile of the pump intensity and r
is a phenomenological constant. It is implicit that this form
also includes any spin anisotropy in the condensation rates.

In addition to driving the polariton condensate, the hot
exciton reservoir also provides a spin dependent effective
potential for polaritons

Vo(x) = Vo(xX) + G[Ps(x) + rP_(x)]" = Vo (x) + GW2(x),
3)

where G is a constant representing the strength of forward
scattering processes between excitons in the reservoir and in
the condensate. We have assumed that any spin anisotropy of
these processes is the same as the spin anisotropy in the scat-
tering of excitons from the reservoir into the polariton conden-
sate. In addition, our experimental measurements showed that
the effective potential increases sub-linearly with the pump
power. For this reason, we introduce the constant p, which
can be obtained empirically. V,, represents a spin-independent
component to the effective potential, which represents the
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walls of the ridge and non-uniform potential along the ridge.
In particular, previous studies showed that there is a slight
drop of the polariton potential near the end of the ridge.”***

The polaritons decay with a decay rate I" and also expe-
rience a nonlinear loss I'y;. corresponding to scattering out
of the condensate.™

The final term in Eq. (1) accounts for energy relaxation
processes of condensed polaritons

R, 0)] = = (v + V()Y Ere — e, ) (x,1), )

where v and v/ determine the strength of energy relaxa-
tion**37 and u(x, 1) is a local effective chemical potential
that conserves the polariton population.”*** The terms cause
the relaxation of any kinetic energy of polaritons and allow
the population of lower-energy states trapped between the
pump-induced potentials.

Solving Eq. (1) numerically®® gives the results shown in
Fig. 3, which can be compared to the experimental results in
Fig. 2. The solid and dashed curves show the polariton
effective potentials V,(x). Although G only induces a slight
difference in the potentials for the two spin components, it is
enough to preferentially block the passage of polaritons
co-polarized to G, while C polaritons have an opposite polar-
ization to that of G.

We now investigate the control of the spin of the con-
densate at C by varying the polarization of G. Figure 4 shows
the PL at the center of the ridge (Y =0) and along its X axis,
for ¢ (a) and ¢~ (b) detection as the polarization of G is
changed (vertical axis). It should be mentioned that now the
S beam is located at 5 um, instead at X =0, as it was the case
in Figs. 1-3. In Fig. 4(a)/Fig. 4(b), /o~ detection, the PL

C
(a)

" Degree of circ. pol. (2?) (c) ]
- 1

| e—

10 20 30
X (um)

FIG. 3. (a) [(b)] Simulation of the PL intensity, under ¢ (¢~) detection,
[ (x), > (J(x)_|*) emitted at the center of the ridge as function of energy
and real-space (X) for linearly polarized S (+») and ¢ polarized () G,
obtained theoretically from Eq. (1). In panels (a) and (b), the intensity has
been normalized to the maximum PL value of the condensate stopped by G
under ¢ detection. (c) Degree of circular polarization (#) obtained from
previous panels. In panels ((a)-(c)), the effective potentials V..(x) experi-
enced by polaritons of different spin polarizations are shown in solid and
dashed lines, respectively. The simulated PL intensity and 2 maps are coded
in false, linear color scales.
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Detection o~
S+ G C

() Detection o (b)

Gate Polarization

c TM o

Gate Polarization

PL intensity (arb. units)

TE o

Gate Polarization

FIG. 4. Spin filtering dependence on the polarization of G. (a)/(b) PL inten-
sity map under ¢ /o~ detection emitted at the center of the ridge as function
of G polarization and real-space (X), S is linearly polarized (<), and the
polarization of G is continuously varied from ¢~ to ¢ (vertical axis). The
intensity maps have been normalized to the maximum PL value of the con-
densate stopped at C under ¢~ detection. Dotted-dashed, vertical lines indi-
cate the positions of S and G, at 5 and 16 um, respectively. Dashed, vertical
lines, dubbed as i and ii (at X ~ 12 and 25 um, respectively), mark the cross-
section plotted in panels (c) and (d). (c)/(d) PL intensity at the cross-sections
i and ii as function of G polarization in full and open circles, respectively.
The horizontal trace i + ii (full triangles) is the result of adding 7 and ii.

at C is maximum/minimum for a ¢~ -polarized G, confirming
the spin-selective filtering of the polarized G. As G becomes
linearly polarized (TM or TE), similar emission is observed
at C in both Figs. 4(a) and 4(b). As the polarization of G
reaches ¢ the emission from C is minimized/maximized for
o/o~ detection [Fig. 4(a)/Fig. 4(b)]. Figs. 4(c) and 4(d) plot
the PL intensities at the S-G trapped condensate (i,
X =12 pum), at C (ii, X =25 pum) and their sum (i + i), for o
and ¢ detection, respectively. Under ¢ detection, it is
clearly seen, Fig. 4(c), that a+—polaritons are efficiently
blocked by G when its polarization is ¢ ", leading to the peak
observed in trace i (full circles); concomitantly a dip is
observed for these conditions in trace ii (open circles). The
reverse situation holds for a ¢~ -polarized G when a mini-
mum/maximum occurs in curve i/ii. The constant value of
the addition 7 + ii (up triangles) reflects the fact that there are
not significant losses of polaritons traveling from S to C. In
Fig. 4(b) [Fig. 4(d)], under ¢~ detection, the results are
equivalent to those described in Fig. 4(a) [Fig. 4(c)] by inter-
changing 6~ < ¢ and TE < TM in the vertical [horizontal]
axis. The maxima for the S-G condensates [i traces in
Figs. 4(c) and 4(d)] are obtained for the same polarization of
G as that of the detection; a similar situation is found for the
minima of the C condensates (ii traces).

The modulation in the S-G and C populations, induced
by the polarization of G, is limited by the difference between
the spin-dependent blueshifts. Using a G beam resonant with
the exciton reservoir should allow a larger modulation.
These modulations observed in both polarization detections

Appl. Phys. Lett. 107, 011106 (2015)

are analogous to the oscillations of the current in spin transis-
tors;*>** however, the spin current is controlled by a gate
with constant intensity.

We note that the degree of circular polarization, £, at C,
does not exceed 0.4 in our experiments (Figs. 2(b-III) and
2(c-1II)). Spin relaxation of the hot excitons which feed the
exciton reservoir limits the spin imbalance at G and therefore
the efficiency of the spin filtering. To increase £, a specifi-
cally designed microcavity structure allowing resonant injec-
tion (bypassing spin relaxation processes) into the exciton
reservoir would allow creation of larger spin imbalanced
exciton reservoir populations yielding increased spin
selectivity. We have chosen for this demonstration to use a
structure excited non-resonantly, as this best reproduces the
conditions of electrical injection which would be ideal for
future electrically controlled polariton devices.

In conclusion, we have demonstrated the ability to
control the PL polarization of a polariton condensate with a
low-power optical gate. The ability to optically control the
polarization of polariton fluxes using spin dependent poten-
tial energy landscapes promises new functionality for polari-
ton and excitonic devices. For example, a polariton spin flux
optical router should be possible in a cross shaped ridge
utilizing a similar scheme to the successful optical routing of
exciton flux in coupled quantum wells.*'
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