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Chiral emission induced by optical Zeeman effect in polariton micropillars
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The low sensitivity of photons to external magnetic fields is one of the major challenges for the engineering
of photonic lattices with broken time-reversal symmetry. We show experimentally that time-reversal symmetry
can be broken for microcavity polaritons in the absence of any external magnetic field thanks to polarization
dependent polariton interactions. Circularly polarized excitation of carriers in a micropillar induces a Zeeman-
like energy splitting between polaritons of opposite polarizations. In combination with optical spin-orbit coupling
inherent to semiconductor microstructures, the interaction-induced Zeeman splitting results in emission of vortex
beams with a well-defined chirality. Our experimental findings can be extended to lattices of coupled micropillars
opening the possibility of controlling by optical means the topological properties of polariton Chern insulators.
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I. INTRODUCTION

Lattices of coupled waveguides and photonic resonators
are some of the most remarkable platforms to explore
condensed-matter phenomena in the optics realm [1], in-
cluding topological phases of matter [2]. The possibility of
engineering the hopping strengths, the geometry and the on-
site energies in a very precise way are some of the assets of
these systems to explore wave-packet dynamics in periodic
[1] and nonperiodic structures [3] using standard optical tech-
niques.

One of the major challenges when engineering photonic
lattices is the implementation of Hamiltonians with bro-
ken time-reversal symmetry. This ingredient in the photonic
toolbox allows the study of photonic Chern insulators and
nonreciprocal structures. A natural way of breaking time-
reversal symmetry is the application of an external magnetic
field. For instance, the first demonstration of a Chern insula-
tor for electromagnetic waves was realized in the microwave
domain using a lattice made of a gyrotropic material subject
to a magnetic field [4]. Later, emission from chiral edge
modes was reported at telecom and near-infrared wavelengths
in YIG photonic crystals [5,6] and in a lattice of coupled
polariton micropillars [7], respectively. However, the rela-
tively low magnetic susceptibility of these systems resulted in
topological gaps of limited size. Moreover, a very interesting
perspective would be the spatial control of the magnitude and
direction of the magnetic field at the micron scale in such
photonic lattices. This would allow the exploration of lat-
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tice Hamiltonians subject to, for instance, staggered magnetic
fields.

Semiconductor microcavities are an excellent platform to
overcome these challenges at near-infrared frequencies. Their
eigenmodes are microcavity polaritons, which arise from the
strong coupling between photons confined in a semiconductor
microcavity and excitons in a quantum well embedded in the
structure [8]. The excitonic component provides matter-like
properties to this photonic quasiparticles. For instance, under
an external magnetic field, polaritons in GaAs-based micro-
cavities show a Zeeman splitting inherited from the excitonic
Zeeman splitting of GaAs quantum wells [9—12]. Magnetic
fields have been also used to engineer gauge potentials [13]
and induce spin currents [14]. The excitonic component re-
sults also in significant polariton-polariton interactions. They
are dominated by excitonic exchange terms [15] giving rise
to a strong polarization anisotropy [16]: polaritons of same
circular polarization (i.e., spin) interact much stronger than
polaritons of opposite polarizations [17-20]. Interestingly,
polarization-dependent interactions also take place between
polariton modes and the reservoir of excitons excited un-
der nonresonant pumping [21-23]. Therefore, by optically
injecting spin-polarized carries in the quantum wells, it is
possible to create an interaction-induced Zeeman splitting, i.e.
different blueshifts for polaritons of the same and opposite
polarizations than the exciton gas. Recently, this effect has
been reported in transition metal dichalcogenides [24]. As
the exciton reservoir can be localized over a few microns
scale [25], the interaction-induced Zeeman splitting could be
engineered with onsite precision in a polariton lattice.

In this paper we demonstrate the breaking of time-reversal
symmetry for polaritons in a GaAs-based micropillar with-
out the need of any external magnetic field. To do so we
create an optical Zeeman splitting for polaritons by injecting
a gas of spin-polarized excitons. Moreover, in combination
with optical spin-orbit coupling inherent to semiconduc-
tor microstructures [26-28], the optically-induced Zeeman
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FIG. 1. (a) Sketch of the micropillar and pumping setup. (b) Pho-
toluminescence spectrum of a 2.8-pm-diameter micropillar, showing
s and p orbital modes. (c) Top, real-space emission measured at
low pump irradiance (0.26 kW cm~2 at the energy of v 534 modes
indicated in (b). The bars show the measured orientation and degree
of linear polarization at each point in space. Bottom, retrieved phase
at the energy of the ¥, and 13 modes when selecting o (left) and
o_ (right) circular polarization of emission.

splitting results in emission of vortex beams with a well-
defined chirality. The investigated micropillar structure is the
building block to fabricate polariton lattices [29]: Our ex-
perimental findings establish a first step towards the optical
control of topological Chern phases expected to appear in
lattices of coupled polariton micropillars combining a Zeeman
effect and spin-orbit coupling [30-32].

II. POLARITON MODES OF A MICROPILLAR

For our experiments we use a semiconductor micropillar
with a diameter of 2.8 um [Fig. 1(a)]. It is etched from a
A/2 Gag gsAlp gsAs microcavity (A = 780 nm) embedded be-
tween two distributed Bragg reflectors of 40 and 28 pairs
of A/4 layers of GagosAlposAs/GaggoAlg0As, where A is
the wavelength of the fundamental Fabry-Perot mode of the
cavity. Three sets of four 7-nm GaAs quantum wells (QWs)
are grown inside the microcavity at the three central maxima
of the electromagnetic field. At the cryogenic temperature of
the experiments (5 K), cavity photons and QW excitons enter
the strong-coupling regime giving rise to exciton polaritons
with a measured Rabi splitting of 15 meV.

To probe the energy spectrum of the micropillar,
we carry out photoluminescence experiments using a
Ti:Sapph continuous-wave laser tuned out of resonance (A =
744.4 nm). This pump laser is tightly focused on the mi-

cropillar by using an aspheric lens with 8-mm focal length
(NA = 0.5), producing a spot with a full width at half maxi-
mum (FWHM) of 2.5 um. All experiments are performed in
reflection geometry, as sketched in Fig. 1(a). The photolumi-
nescence is resolved both in energy, space, and polarization
using an imaging spectrometer coupled to a CCD camera.

Figure 1(b) displays the low power photoluminescence
spectrum measured along the vertical diameter of a micropil-
lar with a photon-exciton detuning 3., & —7.8 meV for the
lowest energy mode (excitonic fraction of ~27%). The ex-
citation beam is circularly polarized and the emission is
detected in the same polarization. The two sets of energy
levels displayed in the panel correspond to the fundamental
and first-excited modes, called s and p, respectively, owing
to their symmetry. The eigenstates of the micropillar can
be accurately described in a basis of Laguerre-Gauss modes
in cylindrical coordinates (r, #) and polarization pseudospins
[28,33,34]: w7, = CJ,(r)e'?, where C,(r) is the radial part
of the Laguerre-Gauss modes. This basis is characterized
by three quantum numbers: the radial quantum number n,
which selects the s or p modes, the orbital angular momentum
(OAM) [, and the circular polarization oy. The two s modes
present an OAM of / = 0 and are degenerate in polarization
(o4) at Eg = 1574.12 meV.

The splitting of the triplet of p modes visible in Fig. 1(b)
at around E, = 1576.74 meV is a consequence of the optical
spin-orbit coupling present in dielectric microcavities. In pla-
nar structures it manifests in the form of a linear polarization
splitting between modes polarized along and perpendicular
to the propagation direction within the cavity [35-37]. The
splitting is a function of the in-plane momentum of the cavity
photons and its magnitude depends on the spectral position of
the cavity mode with respect to the center of the high reflectiv-
ity stop band of the structure [35]. This spectral position can
be modified by using different values of A for the design of the
Fabry-Perot mode of the A/2 cavity and for the design of the
A/4 stacks in the mirrors. From the comparison between the
measured value of the linear polarization splitting and transfer
matrix simulations of the structure, we estimate the two values
of A to differ by 3% in the present case.

In microstructured microcavities, the spin-orbit coupling
gives rise to a fine structure of modes that mix the orbital and
polarization degrees of freedom. This was first reported in a
hexagonal molecule of coupled micropillars in Refs. [27,38],
whose |/| = 1 multiplet shows a triplet similar to the one
observed in Fig. 1(b). The exact same fine structure was found
for p modes in a single photonic dot open cavity by Dufferwiel
and coworkers, who described the spin-orbit coupling effect in
these modes with the following Hamiltonian [28]:

E,— =& 0 0 0
H — 0 E,+ % lsocAE 0
p 0 tsoc Ep — T 0 ’
0 0 0 E,+%&

ey

which is written in the basis |l,o0): {|+1, 04), |+1,0-),
|[—1,04),|—1,0_)}. E, is the energy of the p modes in the
absence of spin-orbit coupling and Zeeman effect, AE is the
optical Zeeman splitting (which we will introduce later) and
tsoc 18 the strength of the spin-orbit coupling. When AE, = 0
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the four modes present the following eigenstate fine structure:

1
V1) = ﬁ(l —Loy)—[+1,0)),

lV3) =|—1,0.),

Vo) = [+ 1, 04),

1
[Va) = ﬁ(l —Loy)+1+1,0.)),
@

with energy E; = Ep —tsoc, Er = E5 = Ep and E; = EP +
tsoc. This simple model explains the three p emission lines
visible in Fig. 1(b) at low excitation power, with fsoc = 254 +
17 peV.

The combination of orbital and polarization modes of the
eigenstates results in azimuthal and radial polarization tex-
tures for the lowest (1) and highest (i/4) energy states,
respectively. Figure 1(c) shows the measured direction and
degree of linear polarization, represented by the orientation
and length of the bars, extracted from polarization-resolved
measurements for the three emission energies of the p multi-
plet (see Appendix B). The lowest and highest energy levels
present, indeed, azimuthal and radial linear-polarization tex-
tures, as reported in Refs. [27,28].

The two middle states (¢, and ;) are degenerate with
energy E,. Each one presents a phase vorticity of topological
charge +1 with circular polarization oy, respectively. The
observed polarization pattern at the energy of these modes
[Fig. 1(c) top panel] is determined by a phase relation between
the two modes established by local disorder [28]. The pres-
ence of [ = =1 OAM coupled to o circular polarizations in
states ¥, and Y3 can be evidenced by doing a polarization-
resolved interferometric measurement. As a phase reference
we use the emission from a region of the micropillar of less
than 1 um?, which is enlarged and combined with the image
of the micropillar at the entrance slit of the spectrometer. We
follow the procedure described in Appendices A and C. The
retrieved phase pattern at the energy of v, and ¥3 for o
and o_ polarizations of emission, respectively, is shown in
the lower panels of Fig. 1(c). They display clear 27 and —27
windings of the phase in the micropillar.

One of the most interesting features of this level structure
is that it can give rise to chiral modes with nonzero orbital-
phase winding if a polarization splitting is induced between
modes ¥, and 3. Without inducing any splitting, Carlon
Zambon and coworkers showed lasing in one of these degen-
erate modes in the weak-coupling regime using a hexagonal
molecule of coupled micropillars [38]. In that paper, a spin
imbalance in the exciton reservoir favored lasing gain in a
mode with a given circular polarization and orbital angu-
lar momentum. Here we will show that a splitting between
these levels can indeed be induced by taking advantage of
polarization-dependent interactions. In this way time-reversal
symmetry is broken without the need of any external magnetic
field.

III. DEMONSTRATION OF THE OPTICAL
ZEEMAN EFFECT

To show this effect we start by focusing on the s modes, for
which there are two degenerate states at E; = 1574.12 meV
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FIG. 2. Optical Zeeman effect in a micropillar. [(a)—(c)] Mea-
sured energy of s orbitals as a function of the pump irradiance
when detecting with circular polarization, o_ (blue dots) and o
(red dots) with three different polarizations of the pump: (a) oy
circularly polarized, (b) o_ circularly polarized, (c) linearly polar-
ized. Shadowed areas correspond to the measured FWHM of the
emission peak. [(d),(e)] Measured spectra at three pump irradiance
values when pumping with o_ and o polarization, respectively. (f)
Absolute value of the splitting between o, and o_ peak energies as
a function of the pump irradiance.

with o4 and o_ polarizations. We consider a circularly po-
larized laser pump. Even though the pump is nonresonant, the
polarization of the generated carriers is partially preserved and
an excitonic spin imbalance is created with a majority spin
determined by the polarization of the laser. This excitonic spin
imbalance was reported in Ref. [38] under similar excitation
conditions. At low pump power [0.26 KW cm~2, Figs. 2(d)
and 2(e)], interactions are negligible and the spin imbalance
of the reservoir does not play any role: both o and o_ polari-
tons modes emit at the same energy. At high pump powers,
excitons with spin + interact mainly with o polaritons, while
excitons with spin — interact with o_ polaritons [16]. As a
consequence, when the pump irradiance is ramped up, polari-
tons copolarized with the pump experience a higher energy
blueshift than those cross-polarized. This is clearly evidenced
in the spectral profiles displayed in Figs. 2(d) and 2(e). The
peak energy of the o or o_ polarized polariton emission is
shown in Figs. 2(a) and 2(b) as a function of excitation density
for o_ and o, polarized pumps, respectively. The shadowed
areas represent the FWHM (linewidth) of the emission peak
for each polarization, which is about 70 ueV at the lowest
pump irradiance. When the power is increased, not only a
splitting appears between opposite polarizations, but also the
polariton mode copolarized with the pump exhibits a higher
intensity and becomes narrower in linewidth due to the onset
of stimulated relaxation from the reservoir. Note that under a
linear polarized pump, the excitonic reservoir does not present
any spin imbalance and both o, and o_ polariton modes
blueshift at the same rate when the pump power is increased
[see Fig. 2(c)].

The measured energy difference between the two opposite
polarizations under circularly polarized pumping is summa-
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FIG. 3. Chiral emission induced by optical Zeeman effect. (a) Computed energy of p orbitals from Hamiltonian (1) as a function of
excitation density (see text for parameters). (b) Measured energy of the p modes as a function of the pump irradiance when detecting with
the two circular polarizations. Blue (red) dots correspond to o_ (o) polarization of emission, and the pump is o_ polarized. (c¢) Measured
photoluminescence spectra at two values of the pump irradiance, which are denoted by continuous and dashed lines in (b). The optical Zeeman
splitting between the ¥, and ¥; modes is highlighted in the top panel. [(d1),(e1)] Measured interference patterns of middle p modes at the
energies of the ¥, and Y3 modes, respectively, without any polarization selection. The orbital angular momentum of the modes is evidenced
in (d2) and (e2), which show the retrieved phase gradients [see Fig. 1(c) for comparison].

rized in Fig. 2(f) and shows a behavior analogous to a Zeeman
splitting in which the role of the external magnetic field is
played by the power of the pump laser. The maximum ob-
served splitting is ~200 ueV at P = 12.7 kW cm™2, which
is of the same order than Zeeman splittings reported for
exciton-polaritons with similar photon-exciton detuning, but
under actual external magnetic fields of 4 — 9 T in the Faraday
configuration [9-12]. Increasing further the pump power does
not enlarge the splitting because co-polarized polaritons enter
into the lasing regime causing a saturation of their blueshift.
Other power-dependent spin-relaxation effects may also be at
the origin of the saturation [39]. From the measured blueshift
and splittings, and assuming that only excitons and polaritons
of the same spin interact, we estimate the ratio of o_ to
o4 exciton populations to be ny /n_ = 0.78 at P = 12.7 kW
cm™~2 under o_ pump.

IV. CHIRAL EMISSION INDUCED BY OPTICAL
ZEEMAN EFFECT

The optically-induced Zeeman splitting we have just
described for the s modes can be directly used to lift
the degeneracy of middle modes in the p multiplet, and
to obtain the emission of modes with a net chirality.
To experimentally demonstrate so, we now focus on
power-dependent photoluminescence experiments in the
p modes. Taking advantage of the cavity wedge present in
the wafer of the sample, we use a different micropillar of the
same diameter with an emission energy for the p modes very
close to that of the s modes discussed in Fig. 1 and, therefore,
with the same photon-exciton detuning.

Figure 3(b) displays the measured peak energy of each
state extracted from a multi-Gaussian fit as a function of
the power irradiance of a o_ polarized pump when detect-
ing either o_ or oy polarization. Every curve exhibits a
monotonous blueshift of the energy when ramping up the
power. More importantly, it is observed that modes |{3) =
| —1,0_) and |y) = | + 1, o4) lift their degeneracy when
the irradiance is increased. A maximum splitting AE, =

94 eV is observed at P = 10.7 kW cm™?2 [see Fig. 3(c)].
This is in contrast with the lower and uppermost modes
corresponding, respectively, to i, and 4, which present a
negligible polarization splitting (within our spectral resolu-
tion), see Fig. 3(c).

The observed blueshifts and splittings in the p manifold
can be simulated using Eq. (1) and considering a saturable
exciton reservoir. We consider the total reservoir density as
Nt = n— +ny = BP/(1 + P/Pg), in which P is the pump ir-
radiance, Py, is the saturation value, and g is a proportionality
factor. Thus, the energy of the p modes evolves as £, = E,o +
Q1N /2, where now E g = 1574.58 meV is the energy of the
p modes in absence of interactions and spin-orbit coupling,
and o accounts for the interaction of excitons with same-spin
polaritons (we neglect cross-spin interaction). Additionally,
we consider the Zeeman term as AE, = o (n_ — ny), which
takes into account the reservoir spin imbalance. Figure 3(a)
shows the computed eigenenergies as a function of the pump
irradiance P, considering ny /n_ = 0.86, and P, and ;8 as
fitting parameters. The fit was done to match the measured
energies for iy, and 3, resulting in an overall good agreement
for the ensemble of the p modes.

The direct consequence of the optically-induced Zeeman
splitting between states ¥, and 3 is that orbital modes with
opposite chirality emit at different energies. Therefore, spec-
tral filtering of the emitted light is enough to select the mode
with a given chirality. Figures 3(d1) and 3(el) show the inter-
ference pattern measured in the energy-resolved tomographic
experiment described above at the energy of the v, and ¥
modes, respectively, at an excitation density of P = 10.7 kW
cm™2. In this experiment, the total emitted intensity at a given
energy is measured without any polarization selection. From
the interference patterns, the phase of the emitted field can be
extracted by performing a filtered double Fourier transform,
and it is shown in Figs. 3(d2) and 3(e2) (see Appendix C for
further details). A phase singularity is observed close to the
center of the micropillars, with a clockwise phase winding
of 2w around the center for the emission energy of ¥, and
a counterclockwise winding at the energy of ;. The phase
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singularity visible at the upper right edge of the micropil-
lar in Fig. 3(d2) is an artifact related to a region of high
gradient of intensity. Therefore, emission with energy-split
vorticity is observed in our experiment thanks to the breaking
of time-reversal symmetry optically induced by a polarized
laser pump.

The value of the optical Zeeman splitting can be en-
larged by increasing the excitonic component of the polaritons
modes of interest. This can be done straightforwardly by
changing the photon-exciton detuning. Concurrently, the pho-
ton component would decrease and with it the value of the
spin-orbit coupling. In our experiments we chose the best
available compromise in our structure to observe the splitting
between the modes with opposite chirality. Increasing the
spin-orbit coupling in further asymmetric microcavity struc-
tures would allow accessing larger Zeeman splittings.

V. DISCUSSION

The method we have demonstrated to break time-reversal
symmetry without the need of an external magnetic field has
direct applications in the optical control of the topological
phases of polaritonic Chern insulators [32,40]. Indeed, the
micropillar system we have discussed here is the building
block to engineer one- and two-dimensional lattices. More-
over, the local control of the spin of the excitonic reservoir
using external beams of different circular polarizations would
permit the breaking of time-reversal symmetry in more so-
phisticated manners. For example, one could envision lattices
subject to staggered Zeeman fields, and interfaces between
two regions of a lattice illuminated with beams of opposite
circular polarizations showing a large number of topological
edge modes. Our paper has also interesting prospects in the
manipulation of chiral modes at the single photon level [41].
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APPENDIX A: SETUP AND EXPERIMENTAL
CONDITIONS

All the experiments are performed using the experimen-
tal setup schematized in Fig. 4. The sample is placed in a
closed-cycle cryostat that allows to reach cryogenic temper-
atures (5 K). We pump nonresonantly the micropillars by
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FIG. 4. Scheme of the experimental setup to measure the self-
interfered polariton emission. The region enclosed by a dashed
rectangle highlights the interferometer along the detection path.

using a beam coming from a continuous-wave monomode
Ti:Sapphire laser at 744.4 nm. Before reaching the cryo-
stat, the beam is coupled into a polarization-maintaining
monomode optical fiber, for spatial-mode cleaning purposes,
and, then, it passes through a quarter-wave plate (1 /4) that sets
its polarization (either linear or circular). The pump beams
is finally focused on the micropillars by an aspherical lens
with 8-mm focal length (NA = 0.5) that is placed inside the
cryostat (lens f; in Fig. 4). The full width at half maximum of
the excitation spot is 2.5 um on the sample.

When the pump beams reaches the micropillar, photons are
absorbed and relaxation of carries results in the formation of
an exciton gas. Then, this excitonic reservoir populates the
polaritonic modes of the micropillar. Since polaritons have a
finite lifetime they leak out of the micropillar in the form of
photons that encode the energy and momentum of the polari-
tons inside the structure. The emission is collected by the same
8-mm focal lens (f]) and then magnified and imaged at the
entrance slit of a spectrometer. The entrance slit together with
a scanning lens placed on a motorized translation stage allow
selecting real-space vertical slices of the micropillar emission.
Each slice of the image is dispersed by the spectrometer
and imaged on a coupled-charge device (CCD) camera. By
recording these spectra, the real-space pattern of the different
modes of the micropillar can be reconstructed with an energy
resolution of 33.1 ueV. Furthermore, polarization-resolved
spectroscopy can be done by placing a quarter-wave plate
(A/4) or a half-wave plate (A/2) (circularly or linearly po-
larized detection, respectively) and a polarized beam splitter
(PBS) along the detection path.

To measure the phase of p modes of the micropillar, an
interferometer is set up along the detection path (see enclosed
region by a dashed rectangle in Fig. 4). Here, the detection
path is split into two paths of the same length (zero delay time
between the two arms). Along one of the arms, the image
of the micropillar is magnified by a factor of 3 (reference
beam) with respect to the image obtained along the other arm
(signal beam). Consequently, the interference of the emission
traveling through the two arms can be recorded on the CCD
camera, allowing the reconstruction of an interference pattern
at the energy of each mode [see Fig. 7(a)].

APPENDIX B: LINEARLY POLARIZED MEASUREMENTS
AND STOKES PARAMETERS

To obtain the polarization textures of the p modes presented
in Fig. 1(c), polarization-resolved tomography is carried out
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at low pump irradiance (P = 0.26 kW cm~?2). Figure 5 shows
the reconstructed images at the energy of the three emission
lines of the p modes when selecting linear polarization along
horizontal (0°), vertical (90°), diagonal (45°), and antidiago-
nal (—45°) directions, and circular polarization (o4 and o_).

From these images, the Stokes parameters for each pixel in
real space are computed at a given energy. These parameters
are defined as

Iy — Iy
Iy+ 1’

Ia - Io,

"I, +1,
(B1)

s —Iyse
Liso + a5’

1=

Figure 6 shows the Stokes parameters for the three emis-
sion energies of the p modes. For /| and 4, the S3 Stokes
parameter has very weak values (mostly light-blue and light-
red colors), while S; and S, reach values close to 1 and —1
(dark red/blue, respectively). This means that these modes
are well characterized by the linear polarization angle ¢ =
(1/2) arctan(S,/S;) [28]. Figure 1(c) shows the orientation of
the linear polarization at each point in space extracted from
this angle.

APPENDIX C: PHASE RETRIEVING

Figures 1 and 3 show the retrieved phase of the middle
p modes when selecting the circular polarization of emission
[Fig. 1(c)] and the energy [Figs. 3(d1) and 3(el)]. In order to
obtain these images, a Fourier filtering procedure of the inter-
ference pattern was implemented, which is described below.
Figure 7(a) shows the measured image at the entrance slit of
the spectrometer for |13) mode (o_ polarized detection) when
the signal is split into two optical beams as described in the
setup above. These two beams can be written as

Ay (r,t) = Av(r)eii(wtikx.rﬂa(r)),
A(r, 1) = A, (r)e @),

where A (r) (A(r)) is the amplitude of the signal (reference)
beam, r = (x, y) is the real-space vector across the transverse
plane of the micropillar (perpendicular to the growth direction
7), w is the frequency of the emitted mode (selected by the
spectrometer), k; and k, are the transverse wave vectors of the
signal and reference beam, respectively, and ¢(r) is the phase
profile of the p mode. Since the reference beam is three times

Sa S3

‘T’V

'H
il
%
-~

FIG. 6. Stokes parameters Sy, S, and S5 for ¥y, ¥, V3, and ¥y
modes introduced in Eq. (2).

1 e

bigger than the signal one, we assume the reference beam
having a constant phase in the region of interference with the
signal beam. Therefore, the interference can be written as

I(r) = |A,(r, 1) + A (r, )],
I(r) = |A,(0)]* + |A,(0)

+ [A(1)AF (r)eARTHm) 4 ee (C1)

where Ak = k; — Kk, is set by the angle between the signal
and reference beams at the entrance slit of the spectrometer.
The angle between the two beams lies within the horizon-
tal plane, resulting in an interference fringes in the vertical
direction. The Fourier transform of this interference pattern,
I(k) = F[I(r)], gives three peaks that are shown in Fig. 7(b).
One peak is at the center of the reciprocal space and it comes
from the first and second terms of Eq. (C1). The other two
peaks are translated by Ak with respect to the origin and
they come from the third and fourth terms of Eq. (Cl). In
consequence, these noncentered peaks carry the information
of the wavefront phase ¢(r). In order to retrieve it, firstly, a
translation equal to — Ak of the reciprocal space is done, thus,
the right peak stays on the center of the reciprocal space. Then,

1. -7 0 g
/Tmax N . [rad]

ol

N7
Filtering arg(FHI(K)))

FIG. 7. Retrieving of the wavefront phase. (a) Interference pat-
tern for the middle p mode when selecting o_ polarization at low
pump irradiance [see Fig. 1(c)]. This is produced by interfering
the signal and reference arm (see Fig. 4) with a given wave vector
difference AKk. (b) Fast Fourier transform (FFT) of the interferogram.
(c) Filtered and translated image of (b). (d) Real-space phase pattern
@(r) of the emission.
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a filtering process erases all other frequencies as Fig. 7(c)
shows. Specifically, this filtering process selects the frequen-
cies only within a small region in the center by using a circular
(sharp) or gaussian-like shape, giving both similar results. The

remaining peak corresponds to 7(k') = F[A(r)A*(r)e #®].
Finally, an inverse Fourier transform of the filtered momentum
space image is implemented. Its argument directly gives the
phase ¢(r) shown in Fig. 7(d).
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