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We resonantly excite exciton-polariton states confined in cylindrical traps. Using a homodyne detection
setup, we are able to image the phase and amplitude of the confined polariton states. We evidence the excitation
of vortex states, carrying an integer angular orbital momentum m, analogous to the transverse TEM ;= “donut”
mode of cylindrically symmetric optical resonators. Tuning the excitation conditions allows us to select the
charge of the vortex. In this way, the injection of singly charged (m=1 and m=-1) and doubly charged
(m=2) polariton vortices is shown. This work demonstrates the potential of in-plane confinement coupled with
selective excitation for the topological tailoring of polariton wave functions.
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Exciton-polaritons are hybrid light-matter quasiparticles
arising from the strong coupling of the optical mode of a
semiconductor microcavity with the excitonic resonance of a
quantum well (QW).! Several recent proposals have high-
lighted the potential of tailoring polariton wave functions by
lateral in-plane confinement for applications in optelectron-
ics devices and quantum information processing.>~* In this
paper, we experimentally demonstrate that by combining
specific in-plane confinement with selective resonant excita-
tion, we can realize in a controlled way polariton quantized
vortices. In opposition to the vortices that spontaneously ap-
pear in the Bose-condensed phase of quasi-two-dimensional
polaritons,” our polariton vortices are the result of optical
vortices strongly coupled with the excitonic resonance. Gen-
eration of optical vortices has been demonstrated in different
types of lasers such as ring resonators,® microchip solid state
lasers’ and vertical cavity surface emitting lasers (VCSELs).}
They have been identified as the transverse modes of cylin-
drically symmetric optical resonators and often called the
TEM y;+ “donut” mode, which can be obtained as a superpo-
sition of the TEM, and TEM; modes.’'°

Cylindrically symmetric polariton traps can be obtained
through lateral in-plane confinement by etching
micropillars'! or patterning mesas on the microcavity
spacer.'? In both types of structure, strong coupling between
the confined electromagnetic modes of the cylindrical reso-
nator with the excitonic resonance has been observed, dem-
onstrating the creation of zero-dimensional polaritons. Al-
though the confinement potential is acting on the photonic
part of the polariton, the strong coupling regime results in the
confinement of the whole polariton state, including the exci-
tonic part.'?

Our sample is a patterned GaAs \ cavity with one embed-
ded InGaAs QW, sandwiched between two semiconductor
distributed Bragg reflectors (DBRs), featuring a vacuum
Rabi splitting of 3.5 meV. The polariton traps consist of cir-
cular mesas that were etched on the microcavity spacer. Dis-
crete confined polariton states have been observed in traps
with diameters varying between 3 and 20 um.'*!* A spa-
tially resolved spectrum of the photoluminescence emitted
by the confined states in a 10 um diameter trap under non-
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resonant pumping is shown in Fig. 1(a). Discrete eigenstates
can be observed for the lower polariton branch (below
1.484 €V) and the upper polariton branch (above 1.486 eV).
The linewidth of these states is of the order of 80 ueV. All
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FIG. 1. (a) Photoluminescence intensity emitted by confined po-
lariton states in a trap of 10 um in diameter, under nonresonant
pumping (at 1.57 eV, in the first minimum of reflection of the
DBR), in a logarithmic gray scale. Confined lower (upper) polariton
states are visible below 1.484 eV (above 1.486 eV). Solid, dashed
and dotted arrows indicate the lower polariton ground, first and
second excited states, respectively. (b) Interferogram resulting from
the interference of the coherent emission of the lower polariton
ground state (n=1, m=0) with the reference laser. (c), (d), and (e)
are, respectively, the interferogram, the wave function amplitude
and wave function phase of the lower polariton first excited state
(n=1, m==1).
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further measurements presented in the paper were performed
on lower polariton states confined in mesas of 10 wm diam-
eter, and for a detuning of 6~0 meV between the confined
photonic mode and the excitonic resonance (1.484 eV).
Similar results were obtained on the confined upper polariton
branch.

Imaging wave functions of confined polaritons is possible
by means of optical microscopy. Indeed, due to their very
small effective mass (four orders of magnitude smaller than
the free electron mass), polaritons can be confined in traps of
sizes in the micrometer range, above the optical resolution
limit. Images of the two-dimensional distribution of the con-
fined state probability densities can be realized either using a
tomography technique,'’ or by directly imaging the coherent
emission of a given state when it is resonantly excited with a
continuous wave laser.'® The coherent emission intensity
gives direct information on the probability density of the
polariton states.

To image the wave function rather than the probability
density only, one needs a phase-resolved detection scheme.
In this perspective, we used a homodyne detection setup,
where we split the cw pump laser into two. One part was
focalized on the back side of the sample using a camera
objective to resonantly excite the polariton states. The cam-
era objective provided us a diffraction limited Gaussian spot
of ~15 um diameter (of the same order of magnitude than
the size of the mesa) and allowed for a good control of the
excitation angle. Both these features are important for the
selective excitation of polariton states, as it will be discussed
further. The sample was held in a cold-finger cryostat at a
temperature of ~4 K. The coherent emission of the polar-
iton state was collected from the front side of the sample, in
a transmission configuration, using a 0.5 N.A. microscope
objective, and imaged on a charge-coupled device (CCD).
The second part of the laser was directed through a telescope
for wave front tuning and beam enlargement, and sent on the
CCD to serve as a phase reference, in a Mach-Zehnder inter-
ferometer configuration. Figure 1(b) shows the coherent
emission of the ground state (n=1, m=0) of the lower con-
fined polariton [indicated with a plain arrow in Fig. 1(a)]
interfering with the reference laser. A small incidence angle
(around 0.7° with respect to the normal incidence on the
CCD) is used for the reference laser beam, in order to pro-
vide straight interference fringes. As the ground state is ex-
pected to have a constant phase, this state is used to deter-
mine the phase gradient induced by the setup alignment, and
is used as a phase reference for other interferograms. Using
numerical Fourier transform and digital off-axis filtering,'”
one can then extract the amplitude and phase of the polariton
states.

In circular coordinates, confined states can be described
by two numbers (n,m), the well known radial and orbital
quantum numbers. In cylindrically symmetric systems, +m
and —m states are degenerate. In most of the mesas, due to a
small ellipticity of the trap, there is a small degeneracy lift of
the *=m  doublet into two new  eigenstates
é[(//mi W] .121516 For example, the first excited state
characterized by the quantum numbers (n=1, m=*1) [in-
dicated with a dashed arrow in Fig. 1(a)] is split into two
eigenstates that are similar to the TEM,; and TEM |, modes
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FIG. 2. (a) Interferogram resulting from the interference of the
coherent emission of the (n=1, m=+1) state of the lower polariton
with the reference laser, displaying a clear forklike dislocation. (b)
Amplitude of the coherent polariton field, extracted from (a), show-
ing a minimum in the field density at the place of the phase singu-
larity. (d) Phase of the coherent polariton field, extracted from (a),
indicating a 2-phase shift rotation of the phase around the
singularity.

of transverse laser patterns. The interferogram of one of
these eigenstates is shown in Fig. 1(c). In order to specifi-
cally excite this eigenstate, one needs to slightly red shift the
excitation laser with respect to the doublet energy. We have
extracted the amplitude [Fig. 1(d)] and the phase [Fig. 1(e)]
of the polariton wave function. In Fig. 1(e), the 7r-phase shift
between the two lobes is clearly visible. It indicates that the
left lobe of the wave function is of opposite sign than the
right lobe. Around the trap the phase is not defined, as the
wave function is exponentially decaying outside the trap.
The ellipticity being very small, the corresponding splitting
is smaller than the linewidth. Therefore, the ellipticity can be
overcome by pumping between the energies of the two split
states, and excite a combination of them. In this case, the
azimuthal dependence of the wave function reads as,

U P) = A, (@) + BY, (@) = Ae™? + Be™™?,

where A and B are complex coefficients. The value of coef-
ficients A and B is given by the overlap (in real space, recip-
rocal space and energy) between the *=m states and the
pump. When the laser is focused on the mesa, both +m and
—m components are generally excited, creating standing
wave patterns, similar to the one observed in Fig. 1(c). The
excitation laser can be used to lock, and subsequently con-
trol, the pattern in any arbitrary direction.!®

We are now going to show that by carefully selecting
certain pumping conditions one can create “pure” +m or —m
states, carrying an integer angular orbital momentum. Focus-
ing the excitation laser on the side of the trap, with a finite
excitation angle (typically around 5°), such as only the spa-
tial tail of the excitation spot is reaching the mesa, allows to
inject polaritons with a well defined in-plane momentum
mainly on one side of the trap. This can be used to
select which one of the +m or —m state is injected. Such a
state is experimentally produced and shown in Fig. 2 for
(n=1, m=+1). In the interferogram displayed in Fig. 2(a),
one can observe a very clear forklike dislocation, indicating
the presence of a phase singularity. We extract from this
interferogram the amplitude [Fig. 2(b)] and phase [Fig. 2(c)]
of the polariton field. The two characteristics of quantized
vortices are observed: the intensity minimum at the center of
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FIG. 3. (Color online) Phase mapping (a) and phase distribution
profile along the red (dark gray) circle (c) of the polaritons in the
trap, when the polaritons are injected on the right side of the mesa
using an pump incidence angle of 4.8°. In this configuration, the
vortex is rotating clockwise. The position of the exciting spot is
experimentally indicated by the faint phase signal present beside the
mesa. (b-d) Same as (a-c), but injection on the left side of the mesa.
In this configuration, the vortex is rotating counterclockwise. Insets:
schematic view of the vortex rotation, the pump and its in-plane
direction are represented by the thick arrow.

the trap (b) and the 27-phase shift around the core (c) are
straightforwardly visible. The core of this vortex is situated
at the center of the trap, and the size of the vortex is delim-
ited by the mesa diameter. This state is analogous to a
TEM y;+ donut transverse laser mode.

Depending on the side of the trap on which the laser is
focused, the charge is going to be positive or negative, as
demonstrated in Fig. 3, using a finite excitation angle of 4.8°.
The phase distribution [Figs. 3(a) and 3(b)] and the phase
profile along the red (dark gray) circle [Figs. 3(c) and 3(d)]
are displayed when the mesa is positioned on the left side
[Figs. 3(a) and 3(c)] or right side [Figs. 3(b) and 3(d)] of the
excitation spot.

It is also possible to select the value of the vortex charge,
by tuning the excitation energy to be resonant with a state
carrying another quantum number m. Figure 4 displays the
interferogram [Fig. 4(a)] and corresponding phase mapping
[Fig. 4(b)] of a (n=1, m=+2) state [indicated with a dotted
arrow in Fig. 1(a)]. A tridentlike dislocation is visible in the
interferogram, resulting in a 4m-phase shift around the core.

All the measurements presented in this paper were per-
formed in the low excitation density regime. Increasing the
pump power by three orders of magnitude (up to
3.2 kW/cm?) allowed us to observe the effect of polariton-
polariton interactions in the form of a blue shift of the vortex
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FIG. 4. (a) Interferogram resulting from the interference of the
coherent emission of the lower polariton second excited state
(n=1, m=+2) with the reference laser, displaying a tridentlike dis-
location. (b) Phase mapping extracted from (a), displaying a doubly
charged vortex structure.

state of the order of 120 ueV. A recent publication'® inves-
tigated the effect of interactions on the size of a polariton
vortex imprinted using an optical parametric oscillator
(OPO) process, and reported a reduction of the vortex core
diameter down to 3 wm when increasing the excitation den-
sity. On the range of excitation power used in our experi-
ment, we never observed any change in the vortex core size.
This result is consistent with Ref. 18, as in our case, the size
of the core is already limited to 3 wm by the confining po-
tential, even in the low-polariton density regime. Experi-
ments are in progress to track this effect with mesas of dif-
ferent sizes and detunings.

In conclusion, we have demonstrated the selective excita-
tion of trapped polariton states in a patterned semiconductor
microcavity. Thanks to the homodyne detection setup, the
phase and the amplitude of the coherent polariton gas were
directly visualized, and trapped polariton vortices were iden-
tified as a superposition of eigenstates of the quasicircular
traps. We have experimentally shown the selection of the
vortex charge by tuning the excitation conditions. This work
shows the essential role of engineered lateral confinement to
tailor the wave function and the subsequent coherent emis-
sion pattern of a resonantly excited exciton-polariton gas.
This will possibly provide new exploitation schemes for po-
lariton lasers which also have a cylindrical symmetry.!
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