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Abstract — The versatility of quantum gas experiments greatly benefits from the ability to apply
variable potentials. Here we describe a method which allows the preparation of potential structures
for microcavity photons via spatially selective deformation of optical resonator geometries with a
heat-induced mirror surface microstructuring technique. We investigate the thermalization of a
two-dimensional photon gas in a dye-filled microcavity composed of the custom surface-structured

mirrors at wavelength-scale separation.

Specifically, we describe measurements of the spatial

redistribution of thermal photons in a coupled double-ridge structure, where photons form a
Bose-Einstein condensate in a spatially split ground state, as a function of different pumping

geometries.

Copyright © EPLA, 2020

Introduction. — The strength of manipulating and
controlling quantum gases to observe a variety of quan-
tum physics phenomena relies critically on the ability to
confine the ensembles in variable potentials. Periodic lat-
tice potentials, as a prime example, have been realized for
ultracold atom systems, exciton-polaritons, and more re-
cently also for Bose-Einstein condensates of photons [1-5].
However, non-periodic potentials are harder to prepare,
especially in cold atom systems.

In this letter, we discuss a novel technique to apply
arbitrary potentials for photon quantum gases in opti-
cal microcavities. Bose-Einstein condensation of photons
has been realized for the first time in a dye-filled opti-
cal microcavity [6-8], where (in contrast to black-body
radiation) the chemical potential of the photons does
not vanish, and an independent control of photon num-
ber and temperature is achieved. In this geometry, the
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small, wavelength-sized mirror spacing introduces a low-
frequency cutoff and makes the dispersion quadratic, i.e.,
matter-like, and the system two-dimensional. Thermal
equilibrium is achieved by repeated absorption re-emission
processes of the photons on the dye molecules, realizing a
thermal contact to the room temperature dye solution.
For this, high mirror reflectivities are crucial to provide
long cavity photon storage times, which exceed the re-
quired equilibration time of the photon gas.

The microcavity geometry, i.e., transverse variations in
the optical path between the mirrors, can provide poten-
tials for the two-dimensional photon gas. At transverse
positions with larger spacing between reflecting mirror sur-
faces, for example, longer-wavelength (lower-frequency)
photons match the mirrors’ boundary condition, giving
rise to a spatial dependence of the photon potential en-
ergy [9,10]. Modifying the optical path via a local refrac-
tive index gradient has been successful in the realization of
tight harmonic traps and the observation of coupled pho-
ton condensates in a double well [5]. Physically imprinting
concave curvatures to the mirror substrate via focussed
ion beam milling prior to dielectric coating has led to the
observation of condensates formed by a few photons in
deep harmonic confinements [11,12]. More recently, we
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Fig. 1: Schematic of the mirror microstructuring setup.
A power-modulated heating laser beam is deflected in two di-
mensions by a galvo scanner. A lens system equipped with a
high-NA objective maps the deflection angle to the position of
the focal spot on the sample. In a thin silicon film between
glass substrate and dielectric layers the laser beam is partially
absorbed, resulting in local heating and permanent deforma-
tion of the mirror surface (height not to scale).

have presented a novel technique with which Bragg mir-
rors can be shaped transversally by local heating of the
dielectric layers. Implemented in the microcavity setup,
it enables rapid prototyping for a wide range of potential
landscapes and has already led to the realization of a pho-
ton condensate in a coherently split superposition state [9].
Here, we present a detailed description of the structuring
technique and discuss thermalization properties of the co-
herently split photon gas when subject to nonequilibrium
state preparation.

Controlled heat-induced mirror structuring. —

For our mirror structuring technique we use ultra-
high-reflectivity Bragg-mirrors, coated with an additional
30nm film of silicon between the glass substrate and the
dielectric layers, as writing samples (coating manufacturer
Laseroptik, center wavelength 550 nm). As depicted in
the schematic setup in fig. 1, a laser beam at 532nm
wavelength is temporally power-modulated by an acousto-
optic modulator and transversally steered using a two-
dimensional galvo scanner system. The beam deflection
angle is translated into a localized spot in the intermedi-
ate focal plane by a lens and subsequently projected onto
the mirror sample from the reverse side via a high-NA
microscope objective. By controlling both laser intensity
and transverse position on the mirror, a spatio-temporally
variable heat pattern can be induced in the dielectric lay-
ers as the silicon absorbs ~35% of the incoming laser light.
For sufficiently large optical powers, the heating is found
to result in a permanent deformation of the mirror surface.

Figure 2(a) exemplarily shows the surface height profile
after heating with a 5 x 5-point pattern determined in an
interferometric measurement where the optical setup in-
cluding a Mirau objective (NA = 0.4) and a 530 nm center
wavelength LED as light source enables a lateral and lon-
gitudinal resolution of 0.74 ym and 0.1 A, respectively (see
ref. [13] for a similar setup). Although the width of the
heating laser beam is only 1.8 yum (FWHM) at the sur-
face of the mirror, the observed Gaussian deformation ex-
hibits a power-independent intrinsic width of 3.6 um. We
only observe measurable surface changes above a threshold
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Fig. 2: (a) Example of a structured Bragg-mirror surface after
point-like heating with laser beam powers from 25mW (top
left) up to 54mW (bottom right). (b) Full width at half-
maximum (FWHM, top) and maximum height (bottom) of the
induced deformation as a function of the heating laser power
both determined by Gaussian fits as shown in the inset.

power of around 25 mW, see fig. 2(b). Further increasing
the power leads to a steadily growing Gaussian deforma-
tion of typically up to 50 nm height at a power of 70 mW.
Beyond this value, the outcome is observed to become un-
predictable (see error bars), as the resulting height varies
steeply from 100 nm to 230 nm until at even higher pow-
ers a saturation is observed. Measurements here reveal a
significant increase of the mirror transmission at a wave-
length of 532 nm from few ppm to a single-digit percent-
age, indicating the destruction of the Bragg layers beyond
a resulting height of more than 50 nm. The observed defor-
mations might be caused by the successive delamination
of the staggered dielectric layers from the underlying glass
substrate, a phenomenon known to occur in stacks of thin
layers where induced thermal stress can overcome the co-
hesive forces [14,15]; yet without detailed measurements
of the layer structure, which we plan to conduct with elec-
tron microscope scans, we cannot confirm this hypothesis.

To manufacture complex structures beyond single
Gaussian shapes, we use an iterative procedure where
through multiple laser scans of the heating beam over the
sample backside a desired height profile is imprinted. In
the course of the writing process, the deviation between
the current and the target profile is monitored and the spa-
tial laser power profile is adapted in proportion to the mea-
sured local height difference. Figure 3 exemplarily shows
the prototyping evolution of a mirror surface, where the
target structure was set to feature a radius of curvature of
15 cm with two additional minima aligned with the y-axis
covering a total area of 130 um x 130 pm. Starting from
a flat mirror surface, at first a spatial calibration of the
mirror dimensions is performed via the deformation of the
profile edges. The laser beam power is then adjusted in
several iterative cycles in order to gradually achieve the
desired height profile. Figures 3(b) and (c) show the emer-
gent surface structure and vertical cuts, respectively, af-
ter 7, 14 and 56 iterative cycles. As shown in fig. 3(d),
the mean deviation from the target mask is significantly
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Fig. 3: Adaptive shaping of mirror surfaces. (a) Sketch of a
single structuring cycle. From left to right: first, the height
difference between the current and desired mirror profile is de-
termined in a Mirau-interferometric surface measurement. In
a second and a third step, a heating beam corrective power
pattern is calculated and applied to the existing structure.
(b) Snapshots of the mirror surface prototyping, showing the
spatial calibration step and iterations 7, 14, and 56 (from left to
right), realizing a surface mask with a radius of curvature near
15cm with two additional indents along the y-axis. (c) Re-
spective profile cuts along the vertical axis and target profile
(dashed line). (d) Mean deviation between actual and target
surface vs. number of iterations. (e) Total mirror loss as ob-
tained from a cavity-ring-down measurement as a function of
the deformation height.

reduced down to 1 A. This procedure, thus, is compatible
with the requirements of super-polished optics. In order to
quantify the impact of the delamination structuring proce-
dure on the mirror quality we determined the reflectivity of
imprinted flat-top surfaces with roughnesses near 1 A and
varying heights on an area of 500 pm x 500 um in cavity-
ring-down measurements (cf. [16]). We found that up to
deformation heights of around 18 nm the mirror reflectiv-
ity is unaffected within the experimental uncertainty, see
the data shown in fig. 3(e). A significant reduction of the
measured mirror reflectivity is observed only at larger de-
formation heights, where as described above also transmis-
sion losses increase. As will be discussed in the following,
the reflectivity-conserving surface height profile modula-
tions below 18 nm are sufficient to form effective potential
landscapes for photons in a dye-filled microcavity setup.

Experimental applications. — Bose-Einstein con-
densation of photons in a harmonic trap has been realized
in a dye-filled bi-spherical microcavity at room tempera-
ture [6,7]. The short spacing of a few wavelengths between
the two curved mirrors renders the photon gas effectively
two-dimensional as the cavity free spectral range is in the
order of the spectral width of the dye fluorescence and only
one longitudinal mode can be energetically populated.
More generally, assuming that the local transverse mirror
distance D(z,y) = Do — h(x,y) shows small deviations
h(z,y) from the maximum mirror spacing Dy, the pho-

ton dispersion relation £ = hey/k2 + k2 + k2

2, where kg

are the transversal and k. the longitudinal components of
the wave vector, can in the paraxial limit (k;, < k.) be
approximated by

h2

2mph

2
Exmp (2) + 5 —(k+k) + V. (1)
Here, the (effective) photon mass mpn = ngnh/(cDy) =
2mhn?/(cA.) is determined by the cutoff wavelength A.
with ¢, ¢, and n being the vacuum speed of light, the
longitudinal wave mode number and the refractive index
of the dye solution, respectively. The potential V (z,y)

scales linearly with h(z,y) according to [9,10]

2
V(I7y) :mpth—%h(x’y)' (2)
Equation (2) has been employed in earlier work, where
curved mirrors provided a radially symmetric harmonic
trap V(z,y) o< (2% + y?), in which photon condensation
to the Gaussian oscillator ground state has been observed
and studied in detail [6-8,17]. The thermalization of the
photon gas was induced by frequent absorption and re-
emission processes on the dye molecules being at thermal
equilibrium.

Under the same experimental conditions, the mirror
structuring technique described above now enables the de-
sign of arbitrarily shaped potential landscapes for trapped
photon gases, see also the schematics shown in fig. 4(a).
For this, let us consider a microcavity consisting of the spa-
tially structured mirror of fig. 3(b) and a plane cavity mir-
ror, which induces a double-well potential superimposed
by a shallow harmonic trap; for details see [9]. Coherent
tunneling of photons between the two minima results in
the hybridization of the localized wave functions 1), and ¥
in the (uncoupled) wells to symmetric and anti-symmetric
superposition states

1

s = —=(1 + 12)

- 3

and

Yo = %(wl ), (4)

respectively. Here )5, the symmetric linear combination,
has lower energy and forms the system ground state. The
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Fig. 4: (a) In the paraxial limit, the local mirror surface height
h(z) linearly translates into an imprinted potential V(z) for
the photon gas in the dye-filled microcavity. (b) The pump
beam is spatially steered over the double-well potential parallel
and perpendicular, respectively, to the double-well axis. The
thermalization process causes spatial redistribution of photons
into the trap center. (c) Fluorescence images for varying pump
beam positions. (d) Spatial width increase Adrwum for the
thermal cloud (top) and position change of the center of gravity
of the total emission Adcog (bottom) for horizontal and vertical
pump beam displacements, AX and AY, along the respective
axis. For comparison, the dashed lines indicate the measured
pump beam position.

additionally imprinted harmonic trapping potential yields
the required scaling of the density of states with energy
to enable Bose-Einstein condensation in two dimensions.
Experimentally, thermalization of photons within a simi-
lar potential has allowed to successfully produce macro-
scopic occupation of photons into the coherently split
lower-energy state, beyond the critical photon number of
N. = 8,000 [9]. Moreover, the coherence of this ther-
modynamic beam splitter was experimentally verified by
overlapping the emission from the individual sites in an
interferometric setup. In more recent work, a dye micro-
cavity setup has also produced split states of light with
variable relative phase, realizing a controllable Joseph-
son junction [10]. For this study, both the here-described
permanent microcavity structuring method as well as the
thermo-optic refractive index structuring technique from
ref. [5] were combined.

Spatial condensate response to pump beam dis-
placements. — We test for the response of the spatial
photon intensity distribution in the double-well system
superimposed by the weak harmonic trap subject to dif-
ferent initial conditions, as realized by varying the pump
configuration. These measurements present an important
extension to our previous study of the thermalization of
light in the same system carried out with a fixed, spatially
centered pump beam [9].

Limitations of the dye-induced thermalization process
in a harmonic potential provided by curved cavity mirrors
have been investigated in previous work. In particular,
the temporal equilibration dynamics of the photon gas
have been intensively examined as a function of the cou-
pling to the dye reservoir, revealing that at low dye ab-
sorption rates a thermal spectral distribution cannot be
reached [17]. Further experiments investigated the con-
densate response to displacements of the pump region
relative to the harmonic trap center, showing a spatial
and energetic thermal redistribution despite the non-
equilibrium initial state preparation up to radial displace-
ments of up to 60 um from the trap center [6,7,18].

The present experiment examines the sensitivity of the
fluorescence emission profile to pump beam displacements
in our prototyped hybrid harmonic-double-well microcav-
ity. At the longitudinal mode number ¢ = 11, the cutoff
wavelength A = 586 nm, and in Rhodamine 6G ethylene
glycol dye solution (1 mmol/l) with a refractive index of
n ~ 1.44, the maximum imprinted deformation height of
15 nm translates into a potential depth of 14meV corre-
sponding to 0.55 kg7 (parameters as in ref. [9]). In order
to spatially shift the excitation region in this potential, the
pump laser beam of wavelength of 532nm and diameter
of around 70 um is now scanned perpendicular and par-
allel to the double-well axis in two distinct measurement
series respectively (fig. 4(b)), while fixing the total photon
number at N = 1.35N,, where N, denotes the critical pho-
ton number, by correspondingly adjusting the pump beam
power. Figures 4(c) and (d) show two key parameters for
the spatial response of the photon gas fluorescence profile
to the changes in the pump configuration. First, we find
that for spatial displacements of the pump beam AX and
AY , orthogonal to and along the double-well axis from the
center, up to 30 um, the center of gravity of the emission
nearly locks and decouples from the pump beam position
(dashed lines in fig. 4(d)) moving less by a factor of ~ 35,
as attributed to the thermalization in the harmonic trap-
ping potential. Second, the analysis of the radial intensity
profile shows that the full width at half-maximum of the
thermal cloud grows from Adpwam =~ 40 pm at central ex-
citation by around 15 pm (20 pm) for vertical (horizontal)
displacements, indicating that photons pumped to highly
excited modes with large off-center probability densities
are not efficiently redistributed to near-axis modes in the
center. We find this region of influence to be significantly
reduced compared to previous work [18], as attributed to
higher scattering losses in the present experiment where
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the mirror surface roughness of around 1A exceeds the
roughness of 0.3 A of previous setups, as well as the here-
used different trapping potential. Nevertheless, we observe
thermalization even for pump spots displaced significantly
from the center of the trap.

Conclusions and outlook. — We developed a novel
technique to control the surfaces of Bragg mirrors via di-
rect laser writing. With an intrinsic lateral resolution
of 3.6 um point-like structures up to a height of around
50nm can be realized. Implementing an iterative struc-
turing method enabled the creation of more complex two-
dimensional mirror surfaces with mean deviations below
2 A from the target profile masks. We observed no signifi-
cant decrease in the mirror reflectivity up to deformation
heights of 18 nm. Within these limits, local elevation of
the mirror surface allows us to set up a variety of trapping
potentials for photon gases in the dye-filled microcavity
setup. As an example, a double-well structure superim-
posed by a weak harmonic potential has been produced
giving rise to a spatial superposition state as the energetic
ground state. Thermalization of photons within such a po-
tential landscape and condensation into the spatially split
state has been observed [9]. For the same potential struc-
ture, we have here studied the limits of the thermalization
process based on the response of the spatial photon dis-
tribution to different pumping geometries. The presented
deformation technique combined with the dye cavity ex-
perimental setting enables the creation of novel variable
potentials for two-dimensional photon gases.

For the future, in the presence of effective photon-
photon interactions the ground state in a suitable lattice
geometry can become entangled and be populated in a
thermal equilibrium process [9]. Other prospects of the
described method to generate variable potentials include
searches for superfluidity of the photon gas by studying
the flow around imprinted perturbations, with potential
implications for optical turbulence. Note that besides
microscopic Kerr-nonlinear interactions, also temporally
delayed thermo-optic interactions have been predicted to
allow for superfluidity [19]. From a technical perspective,
it would be interesting to investigate geometric modifi-
cations of the mirror layer design, to reach deformation
heights on the order of the optical wavelength, which in
addition to a wide class of microcavity applications would
also, e.g., open ways to holographic beam shaping.

* ok ok
We acknowledge funding by the Deutsche Forschungs-

gemeinschaft (DFG, German Research Foundation) under
Germany’s Excellence Strategy - Cluster of Excellence

Matter and Light for Quantum Computing (ML4Q) EXC
2004/1 - 390534769, the DFG within the focused research
center SEFB/TR 185 (277625399), the EU within the ERC
Advanced Grant project INPEC and the Quantum Flag-
ship project PhoQuS, and the DLR with funds provided by
the BMWi (50WM1859). JS acknowledges support from
Churchill College, Cambridge.

REFERENCES

[1] GREINER M., BrocH I., MANDEL O., HANscH T. W.
and ESSLINGER T., Phys. Rev. Lett., 87 (2001) 160405.

[2] ABBARCHI M., AMO A., SALA V. G., SOLNYSHKOV
D. D., Fravac H., FERRIER L., SAGNES [., GALOPIN
E., LEMAITRE A., MALPUECH G. and BrLocH J., Nat.
Phys., 9 (2013) 275.

[3] BERLOFF N. G., Sitva M., KALININ K., ASKITOPOULOS
A., TOpreEr J. D., CiLiBRIZZI P., LANGBEIN W. and
LacouDpakis P. G., Nat. Mater., 10 (2017) 1120.

[4] Onapr H., GREGORY R., FREEGARDE T., RuBo Y.,
KavokiN A., BERLOFF N. and LAGOUDAKIS P., Phys.
Rev. X, 6 (2016) 031032.

[5] Dung D., KurrscHEID C., DaMM T., SCHMITT J.,
VEWINGER F., WEITZ M. and KLAERS J., Nat. Photon.,
11 (2017) 565.

[6] KLAERS J., SCHMITT J., VEWINGER F. and WEITZ M.,
Nature, 468 (2010) 545.

[7] MARELIC J. and NYMAN R., Phys. Rev. A, 91 (2015)
033813.

[8] GREVELING S., PERRIER K. and VAN OOSTEN D., Phys.
Rev. A, 98 (2018) 013810,

[9] KurtscHEID C., DunG D., BUSLEY E., VEWINGER F.,
RoscH A. and WEITZ M., Science, 366 (2019) 894.

[10] KASSENBERG B., VRETENAR M., BISSESAR S. and
KLAERS J., arXiv preprint, arXiv:2001.09828 (2020).

[11] TricHET A. A., DoLaN P. R., CoLeEs D. M., HUGHES
G. M. and SMITH J. M., Opt. Express, 23 (2015) 17205.

[12] WALKER B. T, FLATTEN L. C., HESTEN H. J., MINTERT
F., HUNGER D., TricHET A. A. P., SmiTH J. M. and
NvYMAN R. A., Nat. Phys., 14 (2018) 1173.

[13] BHUSHAN B., WyaNT J. and KoriopouLos C., Appl.
Opt., 24 (1985) 1489.

[14] Gioia G. and OrTIZ M., Adv. Appl. Mech., 33 (1997)
119.

[15] SPAEPEN F., Acta Mater., 48 (2000) 31.

[16] GoNG Y., L1 B.-c. and HAN Y.-L., Appl. Phys. B, 93
(2008) 355.

[17] ScumiTT J., DAaMM T., DunG D., VEWINGER F.,
KLAERS J. and WEITZ M., Phys. Rev. A, 92 (2015)
011602.

[18] KLAERS J., VEWINGER F. and WEITZ M., Nat. Phys., 6
(2010) 512.

[19] ALAEIAN H., SCHEDENSACK M., BARTELs C.,
PETERSEIM D. and WEITZ M., New J. Phys., 19

(2017) 115009.

54001-p5



