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Exciton-polaritons (polaritons herein) offer a unique nonlinear platform for studies of collective
macroscopic quantum phenomena in a solid state system. Shaping of polariton flow and polariton
confinement via potential landscapes created by nonresonant optical pumping has gained consid-
erable attention due to the flexibility and control enabled by optically-induced potentials. Re-
cently, large density-dependent energy shifts (blueshifts) exhibited by optically trapped polaritons
at low densities, below the bosonic condensation threshold, were interpreted as an evidence of strong
polariton-polariton interactions [Nat. Phys. 13, 870 (2017)]. In this work, we further investigate
the origins of these blueshifts in optically-induced circular traps and present evidence of significant
blueshifts of the polariton energy due to reshaping of the optically-induced potential with laser
pump power. Our work demonstrates the strong influence of the effective potential formed by an
optically-injected excitonic reservoir on the energy blueshifts observed below and up to the polari-
ton condensation threshold and suggests that the observed blueshifts arise due to interaction of

polaritons with the excitonic reservoir, rather than due to polariton-polariton interaction.

I. INTRODUCTION

Studies of exciton-polaritons (or simply polaritons) in
quantum wells embedded into semiconductor microcav-
ities have developed into an active research field driven
by the ability to observe condensation [1-8] and super-
fluidity [9-11] of these quasiparticles on a well-developed
solid-state platform. The effectively repulsive interac-
tion of polaritons stemming from the Coulomb interac-
tion of their excitonic constituents [12-14] not only assists
condensation via stimulated bosonic scattering, but also
leads to a wealth of nonlinear mean-field effects observed
at higher densities [15]. The precise value of the strength
of the polariton-polariton interaction has recently be-
come a subject of controversy, as a recent measurement
performed well below the condensation threshold, i.e. in
the low polariton density regime [16], resulted in a quan-
tity which is at least two orders of magnitude larger than
that previously accepted by the exciton-polariton com-
munity [12, 13, 17]. The importance of this finding can-
not be underestimated as it would imply that the po-
laritons are, in fact, strongly interacting particles that
can be naturally driven to strongly correlated quantum
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phases even at very low densities.

The above-mentioned claim of a large polariton-
polariton interaction strength is based on the measure-
ment of an upward energy shift (blueshift) of the low-
density, below condensation threshold polaritons accu-
mulating in an optically-induced circular trap. The lat-
ter is defined by an annular potential barrier created
by a ring-shaped off-resonant optical pump which pho-
toinjects an incoherent reservoir of high-energy excitonic
quasiparticles [18-23]. The reservoir feeds low-energy
polaritons and confines them through repulsive interac-
tions. The critical assumption made in [16] is that the
excitonic reservoir is spatially localised at the position of
the maximum intensity of the optical pump due to its
large effective mass and low mobility, and that its effect
is negligible in the middle of the resulting circular well
trap. The blueshift measured in [16] at zero momen-
tum (kinetic energy) is therefore attributed purely to the
polariton-polariton interaction energy, and appears to be
anomalously large given the very low densities of polari-
tons.

In this work, we report a detailed investigation of the
below-condensation behaviour of polaritons in optically-
induced circular potential wells of various diameters and
at different fractions of photon and exciton in the polari-
ton quasiparticle. Our experiment and modeling suggest
that the significant blueshift of the polariton energy at



low densities originates from the interactions of the po-
laritons with the reservoir, rather than from polariton-
polariton interactions. At very low densities and pump
powers, photon-like polaritons experience a strong quan-
tum confinement effect [24-26], which results in quan-
tisation of energy levels and dominates the blueshift as
the shape of the trapping barrier changes with increas-
ing pump power. The quantum confinement effect for
exciton-like polaritons in large-area traps is negligible,
but the significant shifts of the lowest polariton energy
at zero momentum are caused by the rising bottom of
the potential trap due to the spreading of the excitonic
reservoir. Additionally, we describe the challenges of the
methodology of the blueshift measurements for polari-
ton photoluminescence (PL) below condensation thresh-
old. We conclude that the energy blueshifts of optically
confined polaritons measured at low densities in momen-
tum space cannot be used to determine the polariton-
polariton interaction strength.

The manuscript is structured as follows. In Sec. II
we describe the sample, the experimental setup, and
methodology of the measurement. Section III contains
the main findings of our work and comparison with the
previously reported results, and is followed by the dis-
cussion in Sec. IV. Section V summarises and concludes
the work.

II. METHODOLOGY
A. Experimental details

We study a high-quality GaAs/AlAs 3\/2 microcav-
ity sample with 12 embedded 7-nm GaAs quantum wells
and distributed Bragg reflector (DBR) mirrors consist-
ing of a large number (32 top and 40 bottom) of A\/4
AlAs/AlGaAs layer pairs [16, 27, 28]. The sample de-
sign and its specific properties, such as a long polariton
lifetime and a large position-dependent gradient of the
cavity photon energy E,; due to a wedge in the cavity
thickness [16, 27], are similar to the sample used in the
recent studies of the ground state blueshift of optically
trapped polaritons [16].

The experimental setup is similar to the one used in
our previous works [29-31], see the schematic diagram
in Fig. 1(c). The sample is kept in a cryostat ensur-
ing a temperature of around 7 K. To generate a circu-
lar well potential, a nonresonant continuous-wave (cw)
Ti:Sapphire laser, chopped by an acousto-optic modula-
tor at 10 kHz and 5% duty cycle, is shaped to an annular
intensity distribution on the sample surface, as shown in
Fig. 1(a). This is achieved by introducing an axicon be-
tween a pair of confocal lenses in the path of the laser
beam [32]. This technique enables generation of annular
intensity patterns of various diameters (25-70 pm in the
current configuration), annulus thickness of 3-4 pm, and
a clean interior of the trap, see Fig. 1(b). The laser wave-
length is tuned to the second high-energy reflectivity min-

(a) 1.0 (b) 1.0
S 08
2
L o6
=
2 04
2
=
= 02
0.0
0.0 30 20 -10 0 10 20 30
X (Hm)
Cryostat
(C) Removable Dichroic . s‘;mple
Lens Beamsplitter

Monochromator I H : /, ,P:
| : : =
+CCD w : :
NS A\

Filtering planes

Axicon / ﬁ'

Microscope

Tunable Objective

Ti:sapphire CW Laser

4

FIG. 1. (a) Image of a reflected optical excitation intensity
from a sample surface presenting the shape of the pump dis-
tribution for a ring of 45 pm in diameter. White dashed circle
indicates the position and shape of the spatial filter. (b) A
cross-section through the middle of the intensity ring showing
a clean centre of the excitation pattern (the scattered light in
the middle is about < 0.8% of the light intensity at the ring
maxima position). (c¢) Schematic diagram of the experimental
setup.

imum of the microcavity to create free electron-hole pairs
in the quantum wells at the pump position, which relax
down to form highly energetic excitonic quasiparticles
forming the reservoir. Naturally, the reservoir particles
exist in the vicinity of the laser pump and hence follow its
ring-shape distribution. Polaritons are then created from
the reservoir with a significant proportion of polaritons
being pushed towards the centre of the ring due to their
repulsive interaction with the excitonic reservoir [18, 19],
whereas a small fraction of polaritons propagates outside
the ring and remains untrapped.

The PL signal originates from the finite lifetime of pho-
tons confined inside the microcavity, where the decay of a
single polariton results in the escape of a photon through
the microcavity mirrors. Photons conserve energy and
momentum of the polariton and therefore carry the in-
formation of the spatial distributions and momentum dis-
persions of the polariton gas in the sample. The PL signal
is imaged with a set of confocal lenses, creating inter-
mediate imaging planes along the optical axis, allowing
for placement of spatial filters in the near-field (r-space)
and far-field (k-space) planes, see Fig. 1(c). The result-
ing image is directed onto a monochromator (Princeton
IsoPlane 320) equipped with an EMCCD camera (Andor
iXon Ultra 888) as an imaging detector. The overall spec-
tral resolution of the setup in this work is approximately
75 pueV.



B. Polariton energy in an optically-induced trap

In the work of Ref. [16], the linear dependence of the
lowest energy of the trapped polaritons at zero momen-
tum in the plane of the quantum well (k) = 0) on the
polariton density was interpreted as a consequence of the
repulsive interactions among the increasing number of
polaritons within the trap. This interpretation is based
on the expression for the mean-field energy of the po-
laritons due to polariton-polariton interactions, F = gn,
where ¢ is the interaction constant and n is the polari-
ton density. The value of g, extracted as the value of
the linear slope (E/n) below threshold, is around two
orders of magnitude larger than the commonly accepted
theoretical estimation of the interaction strength (see,
e.g., Ref. 12). However, the mean-field, i.e. density-
dependent, contribution to the polariton energy shift is
likely to be negligible below the condensation threshold,
where the polariton density is very low. Larger contribu-
tions are expected due to the repulsive interactions be-
tween the polaritons and reservoir particles, which create
a local blueshift (effective potential) proportional to the
reservoir density ng: Vg(r) = grng(r), where gg is the
strength of interaction between polaritons and the photo-
injected excitonic reservoir [5, 17]. The total (potential
and kinetic) polariton energy in the low-density limit, in
the presence of the reservoir can be calculated from the
Schrodinger equation:
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where 1 is the single-polariton wavefunction, m* is the
effective mass of the polariton, Veg(r) = Vg(r)+ EY p(r),
and E? ,(r) is the minimum of the single particle lower
polariton energy EY, = Erp(k) = 0) in the absence of
the reservoir. Any change of the reservoir density will
lead to a change of Vog and to a corresponding shift of
the polariton energy E. According to conventional un-
derstanding, the interaction strengths are gr ~ | X|?gx,
and g ~ |X|*gx, where |X| < 1 is the excitonic Hop-
field coefficient, and gx is the strength of exciton-exciton
interactions [7, 33, 34]. Below the condensation thresh-
old the reservoir density ng > n, therefore, the effects
of the polariton-reservoir ggnpg interactions may exceed
those of polariton-polariton gn interaction by up to two
orders of magnitude. In our experiments, by exploiting
the large wedge in the microcavity [16] and hence the
large gradient of the cavity mode energies, we are able
to explore a wide range of exciton-photon detuning val-
ues, A = E,, — Ex, corresponding to a range of differ-
ent excitonic Hopfield coefficients | X|?, hence polaritons
experiencing different gr. In addition, the wedge leads
to an effective potential gradient arising from the spa-
tial dependence of the minimum of the polariton energy:
E?p = EY%,(r), as seen in Fig. 2(a,b).

In order to understand the influence of the effective
potential Vg (r) on polariton energy shifts in the trap
(exemplary real space PL spectrum is presented in Fig.
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FIG. 2. Typical PL spectra recorded in the experiment in
the case of photonic detuning A = —12 meV and small trap
D =29 pym at a pump power of 17 mW. (a) Full real space PL
spectrum of confined energy states. (b) k; = 0 filtered real
space PL spectrum showing the contribution of the ground
state (GS) and the classical turning points of excited states.
(c¢) Real space PL spectrum with imposed spatial filter (10
pm diameter) in the centre. (d) Resulting dispersion of the
filtered area from (c). One can easily match the correspond-
ing quantised states contributing to the k = 0 signal, labeled
1 and 2. Dashed lines in (a) and (b) correspond to the de-
duced approximation of an effective potential. Solid line in
(d) depicts the theoretical polariton dispersion.

2(a)), we perform momentum (k) space spectroscopy of
the cavity photoluminescence and employ an integration
technique similar to that used in [16] (details are given
in Appendix A). We introduce an iris as a spatial filter
(~ 10 pm diameter in the real space image plane) as
shown in Fig. 1, to eliminate the signal from the high-
energy polaritons in the pump region and probe only po-
laritons in the centre of the trap, see Fig. 2(c). The re-
sulting polariton dispersion is shown in Fig. 2(d), where
one can isolate the PL spectrum at zero in-plane mo-
mentum k|| = 0. Contrary to the assumption of Ref. 16,
the k| = 0 state is not necessarily the ground state en-
ergy of polaritons inside the trap. This is due to the
strong local energy gradient in the sample, arising from
the wedge of the microcavity, which results in an effective
“triangular” potential well (see Fig. 2) that can lead to
non-ground states of the potential well to have k; = 0
contributions. To distinguish the contributions of dif-
ferent energy states to the total signal at k| = 0, one
can introduce a filter in the conjugate plane (k-space) of
the optical setup, filtering only the k|| ~ 0 from the real
space image (see Appendix B). As shown in Fig. 2(b),
the k|| ~ 0 signal has contributions from different en-
ergy states corresponding to the classical turning points
(zero kinetic energy) of the confined states in the trap,
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FIG. 3. Power-dependent density in the middle of large traps
of D = 45 pm in the photonic and excitonic detuning case
showing the enormous difference in the efficiency of polariton
generation inside the trap.

therefore depicting the approximate spatial shape of the
reservoir-induced potential energy landscape Vog(r).

III. RESULTS

The density of polaritons in the centre of the trap
grows with the pump power and so does the reservoir
density in the vicinity of the annular laser pump. We can
distinguish between two possible effects of the reservoir-
induced potential on the polariton energy. One effect is
due to the change of the barrier height and the trap area
driven by the pump power, which will have a profound
effect on the energy eigenstate, F, in the effective po-
tential Ve as found from Eq. (1). Another effect is the
buildup of the reservoir near the centre of the trap, which
could also lead to a significant blueshift of the zero-point
energy, since in the absence of the reservoir density in
the middle of the ring, V.%; = E9 . Both effects will lead
to significant blueshifts of the confined polariton energy
in the case when the size of the trap is small enough (as
compared to the single particle de Broglie wavelength)
and the energy levels are strongly quantised. The latter
effect will strongly influence the lowest polariton energy
even in the case when there is no quantum confinement
effect, i.e. when the polaritons can be considered as a
classical gas with a continuous spectrum.

In what follows, we analyse two extreme cases of
exciton-polariton detuning: highly photonic A = —12
meV, corresponding to | X (kj = 0)|? ~ 0.21 and highly
excitonic A = +8 meV, corresponding to |X(k, =
0)]> ~ 0.73. Photon-like, low-mass polaritons quickly
fill the middle of the trap as they propagate ballisti-
cally away from the excitation region with large veloc-
ities v oc / VR /m* [23, 35, 36]. On the other hand,

exciton-like polaritons at positive detunings have a larger
effective mass and are subject to more efficient phonon-
assisted energy relaxation [22, 35, 37|, thus tending to
accumulate in the area of the potential barrier defined
by the annular pump. Hence, at different detunings, dif-
ferent laser pump powers, i.e., different barrier heights -

THF, are required to achieve the same polariton concen-
tration inside the trap. The magnitude of this difference
is illustrated in Fig. 3, where we compare the integrated
polariton densities at given pumping powers inside a large
trap of 45 pm diameter. One can observe a significant dif-
ference in the polariton generation yield inside the trap
below condensation threshold, where polaritons at the
photonic detuning are created around 20 times more effi-
ciently than at the excitonic detuning. This means that,
to achieve a comparable density of photonic and excitonic
polaritons in the trap, one has to reach at least an or-
der of magnitude larger reservoir density in the excitonic
case, which has important implications for the interpre-
tation of the experimental results in these two extreme
cases.

All the measurements in this work are performed in the
low density limit, well below the condensation thresh-
old density, which is measured to be typically about
n = 0.4 — 0.5 um~?2 in the studied traps and detunings.
Furthermore, we note that the dependency of polariton
condensation efficiency on exciton-photon detuning is a
well understood phenomenon for polariton condensates
overlapping with the excitonic reservoir [35, 38-41]. To
the best of our knowledge, there are currently no system-
atic studies on polariton generation efficiency in optical
traps and such research is beyond the scope of the present
work.

A. Quantum confinement effect in the photonic
detuning regime

Firstly, we describe the experimental data taken for a
smaller trap of diameter D = 29 pym, where the quantum
confinement effect is more pronounced and the energies
of the quantised eigenstates are clearly resolvable. As
described in the previous section, we analyse the k| =0
signal taken from the central area of the trap by using a
spatial filter with a diameter of about 10 um. The power-
dependent PL spectra below the condensation threshold
are summarised in Fig. 4(a). One can observe that the
measured spectral line profile does not correspond to a
single peak shape, neither Lorentzian nor Voigt. As also
seen from Fig. 2, the measured k| = 0 spectrum contains
contributions from several quantised energy states within
the field of view defined by the imposed spatial filter. The
origin of these contributions is the k; = 0 component of
each of the confined states corresponding to the classical
turning points of the polaritons in the effective potential.

In the particular case presented in Fig. 4, the analysis
of the line profile is performed by fitting the k| = 0 signal
with three Lorentzian lines, assuming a resolution lim-



2500 r v
(a) (b) 2000F
& 2000 @
@ 0.95P, Q
7 " @ 1500}
< 1500 <
>
£ ‘%‘ 1000
c 1000 | c
2 ]
€ 0.02P £ L
500 th 500
0= . 0
1.5900 1.5904 1.5908 1.5912 15900 15904 15908 15912
Energy (eV) Energy (eV)
(c) (d)
ngO [ ] 180
> 160 F < 160
2140} 2140 1
B0t o 3120 -
g 100} . ..0" 1 @ 100 ]
L ° ° eoo ]
o Bof _ee"e o 80 ...::::gg:...
2 6ol 2 60 Le0°®° ]
B 4a0f o0 E ao0f © ]
f: 20 o ° o XXX XL XA
x F ..... x 20f ..oooo. B
of esa A . E ofe®®, . . e
5 10 15 20 02 04 06 08 10
Power (mW) Barrier height (meV)
(e)
S 10000
g
S 8000 E
3
S 6000 E
=2
'S 4000+ :
s /Y//\'
©
% 2000 E
ko]
& 9
5 10 15 20 5 10 15 20
Power (mW) Power (mW)

FIG. 4. Analysis of the photonic detuning case in a small trap
of D =29 pum, where P, &= 20 mW. (a) Series of power de-
pendent PL spectra of k; = 0 in the range from P = 0.02P;,
to P = 0.95P;,. (b) Example of a multi-line fit to the PL
spectrum at P = 0.84P;;,. We use three distinct energies for
the fit, as this is what is observed in the experimental data.
(¢) Power dependency of extracted energies of the states con-
tributing to the k| = 0 spectrum. (d) Lowest eigenstates
calculated for a trap of different barrier heights. (e) Ampli-
tudes of extracted peaks. (f) Spectral centroid of the k; =0
experimental data representing the net blueshift.

ited broadening of each component (experimental setup
resolution is about 75 + 5 peV). An example of such
fitting is presented in Fig. 4(b), and the extracted en-
ergies are plotted in Fig. 4(c). All states experience a
pump-dependent blueshift, which saturates to the value
of about 30-40 peV for each line. The recorded energy
shifts are in a good agreement with the numerical mod-
elling, as seen in Fig. 4(d). To obtain the numerical
values, we solved the two-dimensional Schrédinger equa-
tion, Eq. (1), taking into account the polariton effective
mass and the position-dependent energy gradient at the
particular value of detuning, and assuming 4 pm thick
(FWHM) Gaussian-shaped walls of the ring potential.
The potential height was varied while keeping the wall
thickness constant, which emulates the growth of the
reservoir density at the position of the pump. The cal-
culated lowest-lying energies correspond well to the ex-
perimental points, as seen in Figs. 4(c,d), where one of

the experimentally determined states is represented by a
doublet of near-degenerate states in the numerical sim-
ulation. Importantly, the simulation of a similar poten-
tial, but with a flat trap bottom results in smaller energy
shifts and different separation in the ladder of the con-
fined states.

We also integrated the experimental data and ex-
tracted the shift of the spectral centroid of the multiple
peaks, with the result of this analysis depicted in Fig.
4(f). The value of the energy shift is of the same or-
der as observed previously [16]. The origin of the net
shift is the blueshift due to quantum confinement aris-
ing from the pump power-dependent potential reshaping
combined with redistribution of the k| = 0 contributions
from the low-energy confined states. The redistribution
of occupancies is due to the lack of energy relaxation and
thermalisation in polariton gases at negative detunings
[22]. The combination of these effects results in a change
of the net line profile with rising pump power which can
be misinterpreted as an increase in blueshift with grow-
ing polariton density. This conclusion is supported by
analysis of separate amplitudes of the individual energy
peaks corresponding to the trapped states extracted from
the experimental data, as presented in Fig. 4(e). One can
observe the interplay of contributions between the three
energy states with the changing pump power.

Next, we examine the case of a similar photonic detun-
ing, but in a larger trap of 45 um diameter, where the
quantum confinement is expected to be less pronounced
due to the fast saturation of the energy blueshift of the
trapped polaritons. The k| = 0 spectra are presented in
Fig. 5(a) and are similar to those observed in a smaller
trap, i.e. the spectral line shape is a result of an over-
lap of many closely spaced spectral peaks. Once again,
the net blueshift is visible and originates from the quan-
tum confinement effect and the reshaping of the spectral
line. Performing similar numerical simulation as in the
previous case, we find that the k; = 0 spectrum is com-
posed of at least 6 spectral lines originating from the
confined states in the field of view, making the extrac-
tion of the constituent energies from the experimental
data impossible to perform reliably. However, the quan-
tum confinement is still apparent in this trap, as con-
firmed by the comparison of the experimental real space
PL spectrum with the simulated one in Fig. 5(c) and
(d), respectively, which shows the specific pattern of the
quantised states inside the trap. In this larger area trap,
the spacing between the states is smaller, therefore the
k| = 0 line profile is much smoother in comparison to
the small trap, and the confined states are hardly visible
in the spatially filtered far-field (k-space) PL spectrum,
as shown in Fig. 5 (b). In this figure, one can see an ad-
ditional effect contributing to the k| = 0 signal, namely
some portion of the k| # 0 states may add to this spec-
trum as each k| state is significantly broadened due to
the real-space filtering with the filter size of 12 pm in
diameter (see discussion in section IV). As a result, one
observes both the broadening and the net shift of the
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k| # 0 spectrum.

B. Trap reshaping and polariton energy in the
excitonic detuning regime

In the regime of exciton-like polaritons (large positive
detuning) in large-area traps, the quantum confinement
effect is negligible due to the decreasing level separation
o 1/(m*D?). The effect of the cavity wedge on the trap
shape is also less pronounced at large positive detuning,
which results in a potential with a nearly “flat” bottom.
As the effects of confinement and associated level separa-
tion become weaker, the spectrum approaches a contin-
uum of states, which contribute to a large uncertainty
in determining the energy of the ground state result-
ing from experimental methodology described in previous
sections. Moreover, the polariton linewidth approaches
the QW excitonic one [42], further broadening the states.

Similarly to the photonic case, we investigate two dif-
ferent trap diameters D = 28 ym and D = 45 pm and the
results of our analysis are summarised in Fig. 6. One ob-
serves a difference in power-dependent polariton densities
for different trap diameters, Fig. 6(a), where polaritons
accumulate in the middle of the trap more efficiently in a
smaller trap case. Additionally, the density increases lin-
early with the pump power, whereas in the case of a large
trap it is nonlinear and saturates, which indicates ineffi-
cient polariton generation. This effect is also due to the
fact that in the case of the smaller trap, the pump density
is larger, therefore excitation of carriers in the sample is

more efficient. Despite the differences, the density de-
pendent blueshifts of the k| = 0 state show a similar
linear behaviour, see Fig. 6(b), with the slopes of about
7.5 meV/um~2 for the small trap and 5 meV/um=2 for
the large one, being of the same order of magnitude as
the values obtained in [16] for similar detunings.

Due to fact that the k; = 0 line profile consists of
a large number of closely spaced and broadened states
in the excitonic case, it is possible to analyse its be-
haviour by fitting the peak with a Voigt lineshape, allow-
ing for extraction of homogeneous and inhomogeneous
contributions to the PL spectrum. The extracted val-
ues of the broadening are consistent with the previous
observations [16], where the inhomogeneous broadening
is roughly constant (about 100-150 peV) and the homo-
geneous broadening increases with the polariton density,
hence larger pumping powers, see Figs. 6(c) and (d). The
constant value of the inhomogeneous broadening repre-
sents a finite set of states probed in the experiment,
which are located along the slightly tilted bottom of the
trap. The strong increase of the homogeneous linewidth
broadening was previously interpreted as a consequence
of polariton-polariton interactions [4, 16, 43]. However,
the same effect is expected from polariton-reservoir in-
teractions [19], which are much stronger.

As described at the beginning of Sec. III, one has to
pump strongly to obtain larger densities of highly exci-
tonic polaritons inside the trap, thus unavoidably creat-
ing very large densities of the incoherent reservoir near
the pump region. As a consequence, one can expect the
optically-induced potential to change significantly with
high pumping powers and the reservoir to extend into
the middle of the trap. To verify this hypothesis, we per-
formed measurements of the density-dependent change of
the trap shape. This was done by introducing a k-space
filter of about 0.7-0.8 ym~! in diameter effectively filter-
ing out the higher energy and high-k states and imaging
the near-zero kinetic energy contribution, see Sec. II and
Appendix B. In this case, the quantum confinement ef-
fect is negligible, therefore the resulting PL spectrum of
low density polaritons follows the local effective poten-
tial Veg(r). The extracted trap shapes are presented in
Figs. 6(e) and (f). One can observe that the bottom
of the trap does not follow the extracted sloped line of
E} p(r, k| = 0) and tends to flatten with the increasing
injected carrier density, both for large and small traps.
This suggests that the reservoir particles accumulate in-
side the optical trap and shift the energy of the trap bot-
tom. [44]. Additionally, the trap diameter shrinks with
the increasing pump power, whereby the high density
reservoir interactions at the annulus broadens the effec-
tive width of potential barriers, which might contribute
to the effective shift of the polariton energy inside the
trap. We also highlight that the experimentally obtained
trap shapes presented here cannot be interpreted as a re-
sult of strongly interacting particles in the Thomas-Fermi
regime. As described above, the k| = 0 state is com-
posed of many overlapping energy states and one cannot
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FIG. 6. Summary of experimental data analysis for excitonic
detuning A ~ +8 meV and two trap diameters D = 28 um
(purple) and D = 45 pum (orange). (a) Power dependent
density measurements. (b) kj = 0 energy shifts versus po-
lariton density. Dependency of homogeneous (closed) and in-
homogeneous (open circles) linewidths on the measured po-
lariton density at D = 28 um (c¢) and D = 45 um (d) traps.
Extracted potential energy shapes (e¢) D = 28 pum and (f)
D = 45 pm. Dashed line indicates the extracted local ground
state energy slope. At large excitonic detuning, the conden-
sation threshold was beyond our experimental capabilities.

define a mean-field wavefunction and a unique, positive
value of the chemical potential for polaritons at these low
densities.

IV. DISCUSSION

Our results highlight the crucial difficulty in extract-
ing the energy shifts of polaritons below the condensation
threshold, where the PL spectrum consists of many over-
lapping energy states in the photonic detuning case, and
approaches the continuum of states in the excitonic de-
tuning case. The detected signal in k-space is influenced
not only by reshaping of the trapping potential, but also
by the redistribution of occupancy of states contributing
to the k| = 0 signal and the experimental method of the
signal filtering. Near-field (real space) and far-field (k-
space) PL spectra are related to each other via a spatial
Fourier transform. Introducing a spatial filter to one of

the conjugate planes produces broadening of the result
in the other plane. Spatial and k-space resolution limits
are related to each other as Az = 2w /Ak, which implies
that the introduction of too narrow filters in one plane vi-
olates the resolution limits. As an example, Az = 12 um
results in Ak = 0.52 pm ™", which means that the k| #0
of higher order states can overlap with the k| ~ 0 signal
and this effect can contribute to the broadening and the
spectral line shape of the resulting peak [16], as can be
seen in Figs. 5(a,b). This also holds if one introduces too
narrow k-space filtering thus degrading the spatial reso-
lution, where PL spectrum at a given position is com-
posed of overlapped adjacent k| ~ 0 states. Thus, the
analysed signal in both methods can have non-negligible
contribution of the excited energy states in the recorded
signal.

Regardless of the above constraints, both in the pho-
tonic and excitonic detuning regimes, our measurement
shows significant reshaping of the reservoir-induced trap
that takes place at large pumping powers. At photonic
detunings this reshaping generates shifts due to the quan-
tum confinement effect and lack of energy relaxation be-
tween the confined states. In the case of excitonic detun-
ings, which require large pump powers to detect any po-
laritons in the middle of the trap, such reshaping includes
broadening of the trap walls and resulting buildup of the
reservoir particles in the middle of the ring, which means
a significant contribution of the reservoir density, Vi to
the effective potential V.g in the trap centre. Addition-
ally, in the excitonic regime, the linewidth of individual
energy states is significantly broadened and many states
are spectrally overlapping, making it difficult to isolate
the true ground state of the trap. Furthermore, spatially
resolved potential energy measurements E(r) (at kj ~ 0)
at high pump powers presented in Fig. S11 of Ref. [16]
and in Fig. 6 of this work indicate that, in this regime,
the magnitude of the shift of the trap bottom is respon-
sible for the overall blueshift of the lowest k| ~ 0 energy
of the polaritons in the detection window.

In the intermediate case, of the near-zero exciton-
photon detuning A & 0, there is an interplay of both
mechanisms governing the energy shifts of low density
polaritons (not shown here). The effect of quantum con-
finement is not well resolved due to the much larger
linewidths and smaller separation compared to the pho-
tonic case. Nevertheless, the buildup of reservoir inside
the trap can also account for the anomalously large en-
ergy shifts. The blueshifts are smaller in comparison to
the strongly excitonic case presented above, as the laser
pump power required for obtaining large populations of
polaritons in the middle are lower [16], thus the reservoir
density is lower as well.

The physical reason for the significant reservoir
buildup in the centre of the trap should be carefully
investigated in further experiments. One possibility is
that, while the diffusion of the heavy excitons in these
samples is considered to be small (of the order of ~ 1
pum), the reservoir composed of mobile, high-momentum



bottleneck polaritons could result in a significant diffu-
sion into the centre of the trap. This possibility is sup-
ported by the recent study [28], which found the diffusion
lengths of the highly excitonic polaritons at high k|| to be
greater than 20 pym. It is also supported by the observa-
tion here and in Ref. [16] of large homogeneously broad-
ened linewidths, which could originate from interaction
with the reservoir particles. Furthermore, nonresonantly
excited quantum well excitons at high densities can also
have large transport lengths of the order of 10 ym and
atypical distribution profiles, being a possible source of
a trap bottom shift at high pumping powers [45].

Recently, a polariton to reservoir upconversion mecha-
nism has been observed under resonant coherent excita-
tion [34, 46]. This mechanism can influence the estimates
of the polariton-polariton nonlinearity inferred in the
recent single-polariton correlation experiments [47, 48],
whose values are comparable to previous measurements.
We would like to point out that our measurements fo-
cus on the low density regime, below the condensation
threshold. Low densities imply that there is no coherent
photon field due to polariton condensation, so one can ar-
gue that the influence of the polariton to exciton upcon-
version channel is negligible in our experiment. Polari-
ton densities in this study are orders of magnitude lower
than the expected density for Mott transition of excitons.
Therefore, one can also neglect a small influence of the
exciton oscillator strength saturation mechanism on the
overall blueshift of optically trapped polaritons [49]. The
saturation effect is expected to be much more prominent
for high density polaritons above condensation thresh-
old (corresponding to a larger overall density of electrons
and holes in quantum wells) and it would result in a cor-
rection of a similar order as the theoretical interaction
constant for excitons [12].

V. CONCLUSIONS

We investigated optically confined exciton-polaritons
in the low-density regime, where the density-dependent
polariton-polariton interaction energy 1is negligible.
Power and density-dependent energy shifts observed in
our experiment are comparable with the data presented
in Ref. 16. A detailed analysis of polariton energies at dif-
ferent detunings and trap diameters shows that the effect
of interactions between the polaritons and the optically-
injected excitonic reservoir can account for anomalously
large blueshift of polariton energy below the condensa-
tion threshold.

Our analysis shows that the dominant effect that re-
sults in the blueshifts of the k; = 0 PL spectrum in
a pump-induced effective potential trap in the photonic
regime is the quantum confinement coupled to the oc-
cupation redistribution between the trapped states. In
large-area traps and for excitonic detuning the expected
confinement-induced blueshift is small compared to that
observed in the experiment. Since, in this regime, the

zero-point energy of the polaritons coincides with the
bottom of the trap, we suggest that buildup of the reser-
voir particles in the middle of the trap leads to the
anomalously large energy blueshifts reported in [16] and
observed in our experiments. On the basis of our observa-
tions, we conclude that the optically-confined polaritons
are strongly influenced by the interaction with the ex-
citonic reservoir, and the energy blueshift of optically-
trapped polaritons below the condensation threshold
cannot be linked to the polariton-polariton interaction
strength.

We note, however, that accurate measurements of the
polariton-polariton interaction strength can still be per-
formed above the condensation threshold under pulsed
excitation, where efficient spatial depletion of the reser-
voir plays a significant role [50]. Under these conditions
the macroscopic occupation of a single particle state, be-
ing ground state of the system, can lead to large polari-
ton densities and significant density-dependent blueshifts
[31].

APPENDIX A: MOMENTUM-SPACE
INTEGRATION

The essential part of the performed work is to care-
fully calibrate the experimental setup to determine the
blueshift of the ground state and the polariton density
generated inside the circular trap. Firstly, we calibrate
the collection efficiency of our setup, to determine how
many photons emitted from the sample convert on av-
erage to one CCD count. To perform this calibration,
the laser is tuned to the stop band of the sample around
770 — 780 nm, i.e. in the range where the polariton emis-
sion occurs. The laser is reflected from a mirror placed at
the position of the sample to simulate the sample emis-
sion. The power losses are recorded after each optical
element in the detection path with a power meter and
then correlated with a number of counts obtained on the
CCD camera attached to the spectrometer. The calibra-
tion is performed including different linear polarisations
of the laser light (changed with a A/2 plate) to deter-
mine the mean collection efficiency of the spectrometer,
because the diffraction gratings are polarization sensi-
tive and the light emitted by low density polaritons is
expected to be depolarized. Additionally, to rule out
any background counts contribution to the calculated
values, the efficiency is extracted from a slope of power-
dependent series, by changing the duty cycle of the AOM
(acousto-optical modulator). Using this procedure, we
obtain a mean collection efficiency of the experimental
setup.

The data analysis and extraction of the polariton den-
sity is performed based on the k-space (far-field) integra-
tion technique, which is a common approach to calculate
the occupations of a given k-vector state in polariton re-
search [2, 22, 37, 51, 52]. The method is based on the
accurate conversion of the counts collected at a given k-



vector to an occupancy of this state, taking into account
the experimental efficiency and the geometry of the de-
tection.

As mentioned in the main text, we filter out the
trapped polaritons from the signal originating from the
high-energy polaritons in the barrier by introducing a
spatial filter of ~ 10 um diameter in the image plane.
The detected portion of the whole trapped polariton gas
is scaled as the ratio of the spatial area of the filter to
the effective area of the trap Agfier/Atrap (assuming a
uniform distribution within the trap). The analysed po-
lariton dispersion is collected along the axis set by the
monochromator entrance slit, which cuts through the
middle of the circular symmetric far-field emission pat-
tern. The mean photon emission rate at a given vector
k; along the slit is related to the CCD counts as follows:

ANpp (k;)
dt

=n-Iccp(k:) - (2)

where 7 is the pixel position, 7 is the collection efficiency
and Icep is the count rate per second of the ith pixel.

The next step is to convert the photon emission rate
to a mean number of polaritons occupying the k; state.
In a steady state the mean photon emission rate is pro-
portional to the number of polaritons, N,,;, multiplied
by the polariton lifetime 77 p, which is determined by
Hopfield coefficients:

Npaa(k) = o), g, g
1 (=X R)P) X (R
rop(ki) TC - T @

where 7¢ = 135 ps [63] is the cavity photon lifetime
and 7y is the exciton lifetime, being at least one or-
der of magnitude larger, i.e. ~ 1 ns, in high quality
GaAs/AlAs quantum wells [54, 55]. A common approach
is to neglect the exciton decay rate contribution, which
is much smaller than the photon decay rate. This ap-
proach becomes less relevant for highly excitonic polari-
tons | X | > 0.8, where the excitonic contribution extends
the polariton lifetime (4), and discarding it would lead to
overestimation of the polariton number (3). Hence, one
can assume that this approach gives an estimate from
above for the measured polariton density.

To evaluate the occupation N of the k; vector, one has
to calculate the number of states IV at this vector k;:

Npol(ki)

M) = N )

(5)

The number of states is determined by the geometry
of our detection (see Fig. 7). The states at the k; po-
sition are selected by the width of one pixel Ak; in the
y direction and the width of the monochromator slit in
the k-space plane. In cylindrical coordinates it yields the

_\-
=intily|

FIG. 7. Schematics of a k-space integration geometry on top
of the pixel array of the CCD camera showing the cut of an im-
age with a spectrometer entrance slit. Symbols are explained
in the text.

subtended k-state area dQ(k;) = k;Ak;Ap;, where the
angle arc measure is Ap; = dg;:/R; in the physical di-
mensions (dg;¢ is the slit width and R; is the radius of
the k; ring). Taking into account the volume of a single

state in momentum space A‘tﬂz , we obtain:
rap
k; dstit A .
R; i
Atrap

where I' = 2 stands for the polariton state spin degen-
eracy. The excitation laser was chopped with an AOM
with a duty cycle d = 10%, so the recorded number of
polaritons has to be corrected by this factor. The final
expression for the experimentally determined mean num-
ber of polaritons per state is as follows,

472 n

N (k) =
( ) k‘l%l:tAk‘le Afilter

ICCD(ki)T(ki)~ (7)

The final part of the analysis is to calculate the mean
density of the polariton gas within the photo-generated
trap. To obtain the total number of polaritons in the trap
Niot, one has to integrate the full experimental k-space.
As we recorded only a central slice of the full far-field,
it has to be integrated angularly under an assumption of
the symmetry of the distribution in far-field. The final
polariton density is expressed as:

Ntot
n = 8
Atrap ( )

1 kmaz ( 47.[_2 ) -1
= 'k N (k)dk
Atrap/— Atrap ( )

kmae

kmaz k
= / FEN(k)dk

km,az
Here we do not assume any distribution for polaritons,
as the thermalised Bose-Einstein distribution is often not
the case for polaritons.



FIG. 8. (a) Full far-field spectrum of low density polaritons at
excitonic detuning. (b) Recorded position and size of the k)| ~
0 filter. (c) Recorded spectrum with the use of momentum
filtering in the case of a large excitonic trap. (d) The same as
in (c) after using the Lucy-Richardson deconvolution.

The method used in our approach aims to minimize the
number of assumptions, however several of them that we
do make are not valid under all circumstances. As dis-
cussed in the main text, the linear slope of the effective
potential due to the cavity wedge influences the shape of
the ground state, so the assumption of uniform distribu-
tion of polaritons in the spatial signal collection area, as
well as that of cylindrical symmetry of the far-field emis-
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sion are poorly satisfied for large-area traps at very low
pump powers. Finally, the limitation of the numerical
aperture of the optical system prevents us from collecting
all of the optically active polaritons in the field of view,
which decreases the detected fraction of polaritons.

APPENDIX B: EXTRACTION OF THE LOCAL
POTENTIAL ENERGY

The extraction of the potential energy in the case of
excitonic detuning was performed using the far-field fil-
tering technique. We introduced an additional optical
iris in the far-field (k-space) image plane, as depicted
in Fig. 8(a,b). According to the discussion in Sec. IV,
it results in broadening of the image in the conjugate
real-space plane due to diffraction on this filter. We
recorded the point-spread function, which measures the
broadening of the diffraction limited focused laser spot
after imaging it with inclusion of a momentum filter,
and obtained a value of about 6 pm. This broadening is
visible in the real-space spectra of the optical potential,
shown in Fig. 8(c). To minimise the effect of the filter-
induced broadening, we treated the data numerically by
deconvolving the image in the position axis with a Lucy-
Richardson deconvolution algorithm (standard MATLAB
implementation) [56], taking into account a point-spread
function of the optical setup with imposed k| ~ 0 fil-
ter as a Gaussian function described by the measured
broadening. The effect of deconvolution is presented in
Fig. 8(d), where one can see sharpening of the blurry im-
age of Fig. 8(c) without additional distortion. Further,
the extraction of the potential was performed by fitting
the spectrum at each spatial position with a Lorentzian
function to extract the Erp(k; = 0,r).
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