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The rapidly developing field of optomechanics
aims at the combined control of optical and me-
chanical modesl™. In cold atoms, the sponta-
neous emergence of spatial structures due to op-
tomechanical back-action has been observed in
one dimension, in optical cavities®™ or highly
anisotropic samples®. Extensions to higher di-
mensions aiming to exploit multi-mode configura-
tions have been suggested theoretically? 1%, We
describe here a simple experiment with many spa-
tial degrees of freedom, in which two continuous
symmetries - rotation and translation in the plane
orthogonal to a pump beam axis - are sponta-
neously broken. We observe the simultaneous
long range spatial structuring, with hexagonal
symmetry, of the density of a cold atomic cloud
and of the pump optical field, with adjustable
length scale. Being based on coherent phenom-
ena (diffraction and the dipole force), this scheme
can potentially be extended to quantum degener-
ate gases.

In mutually coupled light-atom systems, a pump field
interacts with a cloud of cold atoms and a probe field
(possibly a noise field) propagating along the same or a
separate axis® 0. The interference pattern created by
these two fields causes a bunching of the cold atoms due
to dipole forces. The resulting density grating then scat-
ters pump light into the probe mode. Examples involving
the generation of new coherent waves from optomechani-
cal back-action are recoil induced resonancesi®, superra-
diant Rayleigh scattering®, collective atomic recoil lasing
(CARL)" and self-organization in transversely pumped
spatially single-mode cavities®”. The probe field is thus
amplified and it further enhances the density grating.
Starting from noise, a coherent field output is obtained
for the probe mode and this transition to a modulated
light and density pattern can be understood as a bifur-
cation or a dynamical phase transition® ',

Further theoretical work addresses the possibil-
ity of multi-mode structures in transversely pumped
cavities! ™ and in systems in which the pump axis is

*To whom correspondence should be addressed.

the only distinguished axis?214  In the latter, two-

dimensional purely optomechanical structures emerge
spontaneously in the plane transverse to the pump axis.
The length scale selection via diffraction leads to a high
number of degenerate modes on a circle in transverse
Fourier space, as in the Brazowskii phase transition from
isotropic to nonuniform states in Hamiltonian systems*Z.
Here we report such structures in cold atoms, augmenting
the realizations of the beautiful phenomenon of sponta-
neous self-organization in systems driven out of thermal
equilibrium with broad relevance to natural sciences and
technology by atomic density structures. It allows for the
remote, contact-free creation and manipulation of com-
plex matter distributions to be sustained by homogenous
driving only.

While self-organized diffractive structures have been
observed in hot atomic vapours for a number of
yearsi 820 these rely solely on the spatial modulation
of the internal states of the atoms (electronic or Zee-
man states) without affecting their centre-of-mass mo-
tion. The crucial new ingredient in cold atoms is the ex-
istence of macroscopic matter transport processes due to
dipole forces, leading to density self-organization with-
out the need for an intrinsic optical nonlinearity (first
experimental clues of such an effect in a very low as-
pect ratio situation were obtained in”). Compared to
soft matter systems2l'23 cold atoms have the advantage
that the dynamics can be studied without viscous damp-
ing of motion, allowing for a dissipation free evolution
with a Hamiltonian description of the system. It is pos-
sible, however, to introduce dissipation in a controlled
way, if desired, via optical molasses®?1314  From the
photonics and quantum optics point of view, cold atomic
systems enable the prospect of very low thresholdg®1415
with the long-term vision to achieve all-optical control of
symmetry breaking at the single photon level220:24|

An effective and conceptually simple scheme for op-
tical pattern formation is the single mirror feedback
arrangement??29 illustrated in Fig. [la. It is based on
a pump laser beam passing through an optical nonlin-
ear medium (NL, here a cloud of laser-cooled atoms) and
being retro-reflected by a plane mirror (M) located at a
distance d. Any spatial perturbation of the transmitted
wavefront due to small fluctuations of the cloud refractive
index n along the transverse directions can convert into
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FIG. 1: Self-organization scheme and experimental setup. a, Mechanism for self-organization in the single mirror

feedback scheme.
polarizing beam splitter, M: mirror).

an intensity perturbation because of diffraction during
the free-space propagation to the mirror and back to the
cloud. Since the refractive index of the cloud depends on
the light intensity I, these intensity perturbations further
modify the transverse distribution of the refractive index
and produce a feedback loop. If this feedback is positive,
its effect is to enhance the initial index fluctuations lead-
ing to the growth of a macroscopic transverse modulation
of both light intensity and refractive index, and to the
spontaneous appearance of patterns. The typical length
scale A of the emerging pattern is set by diffraction and
can be adjusted by varying the feedback distanceé 27,

The index of refraction of our cold atomic cloud can
be written in the form

33 5T p(VI)
4w 14 (20/T)2 1+ s(1)

n(I,VI)=1 (1)
where § = w] — wy is the detuning between the laser and
atomic frequencies, I' is the natural width, VI the gra-
dient of the intensity and p denotes the atomic density.

The saturation parameter is s = I/ [ sat (1 +4(5/T) )]

where I, is the saturation intensity. This expression ex-
hibits two distinct mechanisms which can lead to positive
feedback. One is due to the 1/ (1 + s) term in Eq. (),
converting spatial intensity modulations into refractive
index modulations via changes of the population of the
excited state (an internal degree of freedom). This is the
well-known ‘two-level’” nonlinearity. It is negligible for
s < 1 (linear regime) and produces a Kerr-like non-
linear refractive index (n ~ ng 4+ n2l) for intermediate
saturation (s < 1). The two-level nonlinearity is self-
focusing (n increases with I) for 6 > 0.

In this work, we focus on the second mechanism, an
optomechanical nonlinearity which arises from the p(VI)
term in Eq. . The coupling between VI and atomic
density is due to the dipole force exerted on the cold
atoms in the presence of transverse intensity variations,
which results in spatial bunching. For § > 0 the atoms
are expelled from high-intensity areas, p decreases and
hence n increases where the intensity I is high, leading to

b, Experimental setup and timing diagram for pump and probe pulses (NL: nonlinear medium, PBS:

an effectively self-focusing nonlinearity, though the mech-
anism is nonlocal in principle. This effect typically be-
comes important when the depth of the dipole potential
is similar to or exceeds the kinetic energy of the atoms
(set by the cold cloud temperature). We stress that the
optomechanical coupling can in principle sustain an in-
stability even in the linear optical regime (s < 1), pro-
vided that the temperature of the atomic ensemble is low
enough®® (see also the end of Sect. II of the Supplemen-
tary Material).

In our experiment sketched in Fig. [Ib, 8"Rb atoms
are released from a large magneto-optical trap (MOT) at
a temperature of 290 pK. The collimated and linearly-
polarized pump beam is retro-reflected by the mir-
ror after passing through the cloud. An orthogonally-
polarized, weak probe beam is sent along the same op-
tical path through the cloud, after the interaction with
the pump, to probe subsequent spatial ordering. Typical
images of the transmitted pump beam intensity profile
exhibit a high-contrast hexagonal pattern (Fig. 2, left),
which extends over a large portion of the beam cross-
section. The intensity in the bright spots of this pattern
is more than three times larger than the peak intensity of
the incident pump beam. We typically observe patterns
for 3T <6 < 25T, I}, > 50 mW /cm?, and for a cloud op-
tical density (OD) above a threshold value which depends
on the pump pulse duration (see Sect. I.B of the Supple-
mentary Material). The pattern in the pump beam is
accompanied by a spatial self-structuring of the atomic
cloud, as measured by the probe beam (Fig. , right).
This atomic density image (see details in ‘Methods’) dis-
plays a high-contrast honeycomb pattern complementary
to the hexagonal pattern of the pump, as expected. A
further confirmation of this spatial bunching of the atoms
is obtained by measuring the decay of the probe pattern
as the time delay between pump and probe pulses is in-
creased (Fig. [BR). We observe a slow decay (time scale
~ 80 us) excluding the possibility of a transverse spatial
modulation of the excited state population (which has a
time constant of "1 = 26 ns), but is compatible with
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FIG. 2: Observation of self-organization. a, Transmission images (normalized to the intensities of the transmitted beam
recorded in the absence of atoms) recorded with pump and probe (3D intensity distributions shown in colour). Parameters
are: input intensity Iin = 129mW /cm?, § = +7T, and d = 5 mm. b, Continuous symmetry breaking and defect formation. 1
shows an extended pattern in the transmitted beam with long-range order (the colour image is a numerically calculated Fourier
transform of the intensity pattern showing hexagonal symmetry). In 2, displaying another realization of the same experiment
as 1, the hexagonal structures in the upper left and lower right have different orientations leading to a defect line.

ballistic dephasing of the atomic density structures once
the pump pulse has ended. Instability mechanisms based
on the spatial modulation of Zeeman or hyperfine states
were excluded by further measurements (see Sect. I.A of
the Supplementary Material).

The observation of a strong transverse spatial bunch-
ing is consistent with the fact that the estimated dipole
potential height lies in the hundreds of pK to mK range,
comparable to or larger than the MOT temperature.
(We discuss the possibility of a longitudinal bunching
on wavelength scales in Sect. I.C of the Supplementary
Material). It is also in qualitative agreement with predic-
tions from a model describing the coupled dynamics of
the light field and the atomic density (see Sect. II of the
Supplementary Material). This observation thus consti-
tutes direct evidence of spontaneous transverse organiza-
tion and symmetry breaking of the atomic density under
the action of a single retro-reflected laser beam. Fig.
illustrates continuous symmetry breaking and the occur-
rence of defects. In most cases, a long-range ordered pat-
tern is observed (1) with small and random shot-to-shot
variations of both position and orientation. Occasion-
ally however, a topological defect is observed (2) with a
boundary separating regions which chose different orien-
tations in the symmetry breaking process.

The tunability of the pattern length scale A is illus-
trated in Fig. Bb. The dependence of the length scale
on the mirror distance confirms that the conversion from
phase to intensity fluctuations in the feedback loop is the
key ingredient for the occurrence of the instability. The
experimental results (circles) are in excellent agreement
with the prediction from a thick-medium model (squares,

see Sect. I.C of the Supplementary Material).

Simultaneous monitoring of light patterns on the pump
and the probe provides insights into the instability mech-
anisms at work. We measured the evolution of the pat-
tern contrast in the pump and probe as the duration and
intensity of the pump pulse was varied (Fig. [4). The
observed increase of contrast with pump duration, on
a time scale (several tens of us) much larger than the
excited state decay time is a clear manifestation of the
optomechanical nonlinearity. This interpretation is sup-
ported by the comparison of the pump and probe pat-
terns at the shortest pump duration (1 ps): while the
probe pattern is always absent, the pump pattern is on
the contrary already sizable for large enough intensities
(see curves (1) and (2) in Fig. [4). This is interpreted
to be a regime in which the two-level nonlinearity alone
can trigger pattern formation, i.e. curves (1) and (2) are
above the two-level instability threshold. Afterwards, the
rather ‘slow’ optomechanical nonlinearity leads to atomic
bunching, resulting in turn in a significant enhancement
of the contrast of the light pattern. For low pump inten-
sity (curve (4) in Fig. [4), one observes a co-evolution of
both pump and probe patterns, with patterns appearing
in the atomic density and light intensity only after a rel-
atively long pump duration. In this regime, the system
is below the two-level instability threshold and the self-
organization is clearly dominated by the optomechanical
nonlinearity. For the parameters of curve (4), the satu-
ration parameter corresponding to the incident pump is
only 0.06. Pattern formation at even smaller saturation
values should be possible (see Fig. S2 of the Supplemen-
tary Material), provided that a colder atomic cloud is
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FIG. 3: Pattern temporal lifetime and spatial period.
a, Decay of density pattern with increasing pump-probe de-
lay. The long decay constant is attributed to atomic motion.
b, Pattern length scale vs feedback mirror distance. Mea-
sured sizes (circles) are obtained from far-field transmission
images (insets); squares are from a thick-medium model (see
Sect. I.C of the Supplementary Material). The error bars cor-
respond to four times the standard deviation obtained from
10 realizations.

used, bringing the system even further into the optome-
chanical instability regime.

In conclusion, we have observed spontaneous trans-
verse pattern formation in the transmitted light field and
in the atomic density, with continuous symmetries break-
ing under the action of a single retro-reflected laser beam.
Using a model based on optomechanical coupling with
dipole forces for the atoms and diffraction of the light
field, we find good agreement with the experimental re-
sults. This model allows us to conjecture that lowering
the temperature of the atomic cloud will decrease the
instability thresholds in terms of opacity of the atomic
cloud as well as laser intensity, enabling low power con-
trol of both light and matter. As only coherent propa-
gation of light and non-dissipative forces are required for
the optomechanical self-structuring to occur, this scheme
is expected to be viable with quantum degenerate ensem-
bles of atoms. The continuous symmetry breaking asso-
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FIG. 4: Optomechanical vs two-level nonlinearity.
Measured pattern contrast in pump (a) and probe (b) trans-
mission images, as a function of pump pulse duration. Differ-
ent pump intensities are used: 1, Iin = 636 mW/ch; 2, Iin =
404 mW/cm?; 3, Iiy = 217 mW/cm?; 4, I;, = 91 mW/cm?.
The error bars correspond to four times the standard devia-
tion obtained from 20 realizations.

ciated with our scheme then potentially opens the way
to study complex, multi-spatial mode situations™ - in-
cluding defect formation and dynamics. As the lattice
is self-organized and not externally imposed, it is not
rigid but can have dynamics leading to the possibility to
study the propagation of coupled light-density perturba-
tions, correlations of fluctuations in the light and density
modes, and, in presence of atomic coherence, correspond-
ing features in quantum transport.

The mechanism of self-structuring with optical feed-
back described here is expected to apply also to the elec-
tron density in a plasma in the presence of pondero-
motive forces?®, to ‘soft matter’ formed from dielectric
beads?223 and deformable membranes??. Beside peri-
odic patterns, one emerging feature suggested by theoret-
ical simulations is the possibility of localized, soliton-like,
density-light structures (single or multiple holes in the
density), which can be set and erased by external control



pulses and sustained by homogeneous driving only3Y.

Methods

Sample preparation. The full experimental sequence alternates
a preparation stage where the atoms are trapped and cooled, and
a measurement stage where the trapping lasers and magnetic field
of the MOT are switched off, the pump beam and then the probe
beam are switched on and the transmission images are acquired.
The atomic cloud has a Gaussian density profile with dimensions
(full width at half maximum) of (10x 10x5) mm? (10 mm along the
pump propagation axis), and contains 6 X 1010 atoms. The peak
spatial density is 101! cm ™3 corresponding to an OD = —In(T}) =
150 (where T7 is the fraction of transmitted light intensity) at line
centre (see also>1)).

Details of the experiment. The light-atom interaction described
in this experiment is based on the FF = 2 — F’ = 3 transition of
the Dy line of 87Rb at 780.24 nm. The natural linewidth of this
transition is I' = 27w X 6.067 MHz and the saturation intensity
is Isat = 3.58 mW /cm? assuming an equal population distribu-
tion among Zeeman substates. We stress that the distinction be-
tween the optomechanically- and two-level- triggered instabilities
(see discussion of Fig. is based on the experimental observa-
tion of the pattern formation dynamics, and does not rely on an
estimate of the saturation level. All results presented here are ob-
tained with a few percent of repumping light (compared to pump
light) copropagating with the pump beam. It is tuned close to
the F = 1 — F’ = 2 transition. The pump beam is directed to
the atoms via a monomode polarization-maintaining optical fibre.
It is collimated and linearly-polarized (waist 1.6 mm). The feed-
back mirror is located outside the vacuum chamber where the cold
atoms are produced. We therefore use a telescope to image the
mirror onto a plane located near the cold atomic cloud, producing
a ‘virtual mirror’ whose distance to the sample can be adjusted
from positive to negative values>Z. The typical saturation param-
eter range for the pump is between 0.05 and 1. The image plane
of the transmitted pump beam is located ~ 10 mm after the cloud
centre. For the patterns shown in Figs. |2] and , this corresponds
to the feedback beam reinjected into the medium.

Diffractive length scale selection. Within paraxial approxi-
mation, any periodic spatial modulation with a transverse wave-
length A will reproduce itself after the so-called Talbot distance,
zp = 2A%/), where X is the light wavelength. At a quarter of
this distance a phase modulation is transferred into an ampli-
tude modulation?? giving the feedback distance, 2z /4 = 2d, where
optimal positive feedback occurs for a self-focusing medium (ne-
glecting nonlinear absorption). This leads to a length scale of
A o V4dN2B26 This length scale selection can be also qualita-
tively understood in simple terms because the diffraction angle of
a A sized structure is & A/A and hence after a distance 2d a trans-
verse interval of A ~ 2d\/A will be coupled by diffraction. If
the thickness, L, of the medium is not negligible compared to the
free space propagation distance, diffraction within the medium also
plays a role. The qualitative reasoning given above remains valid,
although L affects the length scale of the pattern (see Sect. I.C of
the Supplementary Material).

Probing the atomic density pattern. It was checked that the
instability is not a polarization instability, i.e. the spontaneous side-
bands have the same polarization as the pump beam. This enables
us to introduce a polarizing beam splitter (PBS) in the feedback
loop so that we can use an orthogonally polarized probe beam to
directly visualize the atomic density self-structuring resulting from
the optomechanical instability. The probe beam is sent through the
same fiber as the pump, typically 10 us after the pump has been
switched off. After transmission through the cloud, it is reflected
by the PBS located before the mirror, and sent to a CCD (probe
image). The probe beam does not reach the mirror and it is short
(10 ps) and weak (s < 1) and thus does not exert any feedback
on the atoms. Because of the large on-resonance OD of the cloud,

standard absorption imaging cannot be employed to measure the
transverse density distribution of the atoms. Instead, we take ad-
vantage of the dispersive behaviour of the cloud by using a probe
detuning of — 7 I where absorption is reduced. The plane imaged
by the probe detection optics is the same as for the pump beam.
The fact that the pump and probe images are complementary illus-
trates that dispersive imaging is dominating the absorption effect
and the resulting pump and probe patterns are compatible with
a honeycomb atomic density structure, since light concentrates in
regions of high refractive index, which for the negative probe de-
tuning corresponds to regions of high atomic density and for blue
detuning to the voids (see Fig. [2)).
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I. EXPERIMENTAL DETAILS AND ANALYSIS
A. Density pattern vs internal state pattern

The instability described in this Letter relies on the
optomechanical coupling between the light field and the
atoms, whose response is well reproduced by a simple
2-level model. However, the complex internal structure
of the atoms may also contribute additional nonlinear-
ities. For instance, optical pumping between Zeeman
substates is at the heart of the polarization instability
observed in Refs'#, Hyperfine pumping has also been
shown to play a role in self-lensing®. We observe in Fig. 2
patterns in the transmitted probe beam which we inter-
pret as a direct consequence of spatial self-structuring of
the cloud density distribution. To support this claim,
we carefully checked alternative origins for the observed
pattern, namely transverse inhomogeneous populations
of long-lived internal states (Zeeman or hyperfine).

First, a J—J+1 transition as investigated here does not
possess dark states, which decouple from the light-atom
interaction and are responsible for polarization preserv-
ing Zeeman patterns®? and polarization instabilitiesl /7
described before in hot Na and Rb vapour in the vicin-
ity of the Di-line. Hence Zeeman pumping serving as
the basis of a nonlinear effect is not expected. Second,
the formation of high-contrast Zeeman-state gratings is
expected to be highly polarization- and magnetic field-
dependent since it requires the use of a carefully con-
trolled polarization and the application of a magnetic
field of appropriate orientation and strength. On the con-
trary, in our experiment the patterns are observed to be
quite independent of the polarization configuration: we
observed patterns for a lin // lin (same linear polariza-
tion for input and retro-reflected beams), o+ —oT (same
circular polarization) and o — ¢~ (orthogonal circular
polarizations) configuration. For the lin // lin configu-
ration, we observed no difference between patterns ob-
tained with a well-compensated magnetic field and with
an applied bias field of a few Gauss of various orientations
(parallel to the pump propagation axis, parallel to the
pump polarization, or orthogonal to both). In addition
it was checked that the instability modes have the same
polarization as the pump mode, i.e. there is no polariza-
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tion instability. These tests appear to rule out Zeeman
induced population patterns.

We also checked the population of the lower F = 1
hyperfine state after the pump pulse and found that it is
rather small (at most 10%) and cannot account for the
large modulation observed in the probe transmission. A
transmission image using light at the repumping transi-
tion frequency revealed no significant spatial structure in
the F' = 1 population, ruling out hyperfine pumping as
a mechanism for pattern formation.

Finally, the slow decay of the probe pattern with in-
creasing pump-probe delay (see Fig. 3) rules out an oc-
cupation of the excited state as the origin of the probe
modulation and is compatible with a wash-out of the den-
sity pattern due to the velocity distribution of the atoms.

B. Optomechanical vs two-level nonlinearity

As discussed in the article, the time scales for the
growth of the probe pattern (Fig. 4) and its decay
(Fig. 3a) indicate that there is an optomechanical in-
stability leading to transverse spatial bunching. As dis-
cussed in more detail below (Sec. , this instability can
develop even in the absence of any intrinsic nonlinear
optical effect relying on the population of the excited
state (‘two-level’ or ‘electronic’ optical nonlinearity), in
the linear optical regime. For pump intensities in the few
100 mW /cm? range, however, the two instability mech-
anisms (optomechanical and two-level) coexist and can
then be distinguished via their different time scales by
varying the pump pulse duration as shown in Fig. 4.

Further evidence is provided in Fig. S1, where we com-
pare the OD thresholds for short (1 us) and long (200 us)
pump pulses. In this measurement, the OD of the cloud
is varied by tuning the time delay between the extinc-
tion of the MOT and the pump pulse. Because of the
cloud’s ballistic expansion after release from the MOT,
the OD monotonically decreases with increasing delay.
The pump intensity is 487 mW /cm?, and its detuning is
+6I. For the short pulse (two-level instability), the con-
trast of the pump pattern increases above a threshold
OD = 89. In the case of the longer pulse, due to the
optomechanical mechanism, the threshold OD is consid-
erably reduced to a value around 19.
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Fig S 1: Instability threshold behaviour versus cloud optical
density. The measured evolution of the pattern contrast with
OD is compared for two pump pulses: a short pulse (1 us,
blue squares), and a long one (200 us, red circles). In the
latter case, the optomechanical mechanism strongly reduces
the threshold OD. The pump parameters are: & = +6I,
I = 487 mW /cm?.

C. Possible influence of longitudinal bunching and
thick medium

For parallel incident and reflected pump polarizations,
a standing wave establishes inside the cloud possibly lead-
ing to longitudinal spatial bunching of the atoms (see,
e.g.,® for counter-propagating pump beams at § < 0).
Qualitatively, however, longitudinal bunching seems to
play a rather unimportant role in our experiment since
similar patterns are observed for parallel polarizations
(presence of a standing wave) and orthogonal polariza-
tions (no standing wave in intensity, but in polarization
state), either linear or circular.

A possible explanation is that atoms are accelerated in
the longitudinal direction by the pump, which prevents
their confinement in the longitudinal standing wave. In-
deed, there is an intensity imbalance (typically 10-20%)
between the incident pump beam and the retro-reflected
one, due to photon scattering by the cloud, which yields
a large radiation pressure acting on the atoms in the lon-
gitudinal direction. This pushing effect has no impact in
the transverse directions, where only regular heating due
to pump photon scattering occurs. We also note that the
blue-detuned longitudinal molasses created by the pump
beam and retro-reflected beam does not provide cooling
forces along the optical axis and hence does not favour
confinement in the standing wave. The time scales for
the growth of the probe pattern (Fig. 4) and its decay
(Fig. 3a) indicate that transport processes take place on
the transverse length scale of 100 pm and not on wave-
length scales (0.4 pm), where one expects times in the
sub-microsecond to 10 us range. These hypotheses will
be investigated in future work.

We develop in Sec. [[T] the simplest theory which does
not take into account a wavelength-scale density grating

and and find good agreement with thresholds observed
in the experiment, further supporting the idea that the
principal mechanism is captured by the model. We men-
tion that the same assumption for the density was made
in the proposal for counterpropagating beams in“.

Fig. 3b clearly establishes a dependence of the pattern
length scale A on the mirror distance d, but a careful
analysis shows that it is only qualitatively described by a
theory in which the medium is diffractively thin and all
diffraction takes place in the vacuum feedback loop, since
in the present experiment the mirror distance is compa-
rable to the medium thickness (~ 1 cm). The effects of
medium thickness are studied here by including mirror
feedback in a model of counter-propagation instabilities
in a Kerr slab™®, i.e. a thick medium with n = ng + nal
where the 1o might originate from any nonlinearity (here
optomechanical or two-level). This changes the boundary
conditions on the forward and backward beams and hence
modifies the growth condition for a non-trivial solution
of the linearized equations for transverse perturbations of
wavenumber ¢. This condition determines the threshold
for instability of the homogeneous solution, and is typi-
cally an undulatory function of ¢. Its minima correspond
to ‘modes’ quin with locally minimum threshold and in
our model depend on the mirror distance d as well as on
the thickness and other parameters of the medium.

Since d enters only through the differential phase shift
(proportional to ¢?d) between the on-axis pump beam
and the g-sideband, the theory allows negative values of
d. This can be achieved in the experiment by imaging
the feedback mirror to a plane inside, or even beyond,
the atom cloud. As shown in Fig. 3b, the dependence on
d for the lowest-wavenumber mode (squares) is in good
agreement with our experimental data (circles) across a
broad range of positive and negative mirror distances.
In this figure the zero of the d-axis corresponds to the
centre of the nonlinear medium. This good agreement
confirms that the cause of the instability is the conver-
sion of phase to intensity modulation in the feedback
loop. The tunability of A is a specific feature of the
single mirror-feedback scheme, absent from the counter-
propagating scheme with two input beams and no optical
feedback® 1V,

II. THEORETICAL MODEL AND NUMERICAL
RESULTS

We have undertaken a thorough theoretical investiga-
tion of the optomechanically-driven instability. Previous
studies of optomechanical instabilities assumed strong
velocity damping due to the presence of optical mo-
lasses™ . However, our experiment showed spontaneous
symmetry breaking in the absence of such damping, with
the MOT beams switched off during the interaction. We
then describe the atomic dynamics in terms of a molasses-
free, collision-less Boltzmann equation with a nonlin-
ear term driven by the dipole force. The state of the
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Fig S 2: Optomechanical instability: theoretical results. a) Instability phase diagram in a plane spanned by the detuning
§/T" and the input saturation parameter si, (input intensity normalized to the saturation intensity at that detuning). The
parameters are: R =1, OD = 150, T = 290 puK, d = 5 mm, |gq| = gc. A ‘fast’ (§ ~ T") internal-state instability is obtained
inside the dashed white line. The instability threshold for self-structuring is displayed by the solid white line. Note that the
dark blue coding (below the white line in the colour bar) denotes negative growth rates, i.e. the system is below threshold.
b) Intensity threshold as a function of optical density and temperature for the same parameters as in a) and 6 = 6. Lower
temperatures lead to lower intensity and OD thresholds for the instability.

cloud is described by its phase-space distribution func-
tion f = f(x,v,t) (with x and v position and velocity
vectors in the plane transverse to the field propagation,
respectively), its dynamics being given by
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Here M is the atomic mass and Fgp, = —0xUqip the

dipole force with Ugi, = (50/2)log(1 + s(x,t)), and s is
the saturation parameter introduced in the main article
and is given by the intensity scaled to the saturation in-
tensity at that detuning. The spatial density p(x,t) is
obtained by integrating f over the entire velocity space,
with the normalization chosen so that the spatially ho-
mogeneous solution corresponds to p = 1. The saturation
parameter s is given by the sum of the suitably normal-
ized intensities of the incident forward field gr and the
backward field gg, i.e. s = |gr|? + |gB|* (neglecting lon-
gitudinal interference effects, see above). As gp depends
on the density p (see below), this closes the feedback
loop. We stress that — via the normalization of s — the
normalization of gr and gp is also detuning dependent.

Neglecting diffraction effects inside the cloud (thin
medium approximation), the interaction between a for-
ward pump field of amplitude gr and the cloud of laser-
cooled two-level atoms is described by the following equa-
tion

dgr  OD(1—-2i0/T) p
9z 2L [144(5/T)2] (1 +s)

gr , (2)

where L is the medium thickness and OD the optical
density. Eq. describes absorption and dispersion in

the atomic cloud. The 1/(1+s) nonlinear term originates
from adiabatic elimination of the internal-state dynam-
ics, which is justified by the fact that the atomic motion
occurs on a timescale much larger than T'™! (see also
Eq. (1) in the main article). To obtain gp, we first in-
tegrate Eq. under the assumption of a longitudinally
homogeneous p and s and obtain the transmitted field
gr at the exit face of the medium. The free-space propa-
gation to the mirror (distance d) and back can be solved
exactly in Fourier space, and the backward field before
re-entrance in the medium is given by:

95(q) = VR Mg (q) (3)

where R denotes the mirror reflectivity.

A stationary homogeneous solution for the system is
determined by s = sp, f = fo(v), where fo(v) is
the initial velocity distribution of the cloud. An im-
plicit expression for the homogeneous intensity, sp, is
obtained from Egs. , by setting p = 1 and eval-
uated via a zero-finding routine. We introduce perturba-
tions in the distribution function and the backward field
as f = fo+ filx,t), g = ggb)[l + b1(x,t)], and lin-
earize Eqs. , (12), (3) about the homogeneous solution.
The dispersion relation w = w(|q|) (q being the trans-
verse wavevector) and the threshold for the instability
are then determined using linear stability analysis. The
most unstable wavenumber (with largest growth rate) is
only slightly shifted from the one obtained from a purely
dispersive theory, ¢. = /7ko/2d, see e.g. Ref2. The
corresponding spatial scale of the emerging patterns is
in good qualitative agreement with the experimental re-
sults; a quantitative agreement is obtained by taking into



account the thickness of the medium, see Fig. 3b and
Sect. [Tl

Fig. S2a shows the growth rate £ = Im(w) for per-
turbations at the critical wavenumber ¢. and parame-
ters close to our experiment using the normalized detun-
ing 0/T" and the saturation parameter s, of the incident
pump beam (proportional to the intensity of the forward
beam at the input facet of the cloud) as control parame-
ters. The condition £ > 0 parametrizes unstable regions
(upper right of the solid white line). There is no insta-
bility on resonance and the threshold drops monotoni-
cally with increasing detuning, reaching an asymptotic
value at large 6/ (in units of the saturation parameter;
in terms of the unscaled input intensity the threshold
intensity increases asymptotically quadratically with de-
tuning). Beyond threshold there is a significant region
of pump power in which the growth rate is fairly low
(below 100 ms™!). For an intermediate range of detun-
ings, increasing the pump intensity, the growth rate sud-
denly increases dramatically in a small range of pump
intensity before settling to a broad plateau (the dark
brown region in Fig. S2a) with a peak value of about
€ ~ 10*ms™! ~ O(T), taken from a purely two-level
model at OD = 150. (The growth rate in the approxi-
mation of Eq. diverges as adiabatic elimination of the
internal state dynamics essentially sets I' — co.) This re-
gion is essentially identical to the one (indicated by the
white dashed line) in which the spatial instability can be
triggered only by the two-level, internal-state nonlinear-
ity (corresponding to p = 1). Physically this corresponds
to transverse structures emerging on the timescale of the
atomic lifetime, encoded in the populations and coher-
ences of the atoms. This is the situation of curves 1 and
2 of Fig. 4 of the article, in which the light pattern was
already established after one microsecond, without the
formation of a density pattern. In contrast, in between
the solid and dashed white lines the growth rates are
compatible with optomechanical time scales. This is the
situation of curve 4 of Fig. 4 of the article, where light
and density pattern develop together, i.e. the instabil-

ity is optomechanically driven. Indeed, it turns out that
the instability still exists if the two-level term (1 + s)
in Eq. is neglected. In addition, the thresholds for
the purely optomechanical and the mixed case are quite
similar (and very different from the purely two-level one)
indicating that indeed the optomechanical nonlinearity is
the main driver in this parameter range.

In Fig. S2b we show the dependence of the intensity
threshold s, on the temperature and the optical density.
As expected, lower temperatures result in lower inten-
sity and OD thresholds for the instability. It is remark-
able to see that in spite of the approximations made,
the theoretical model predicts the lowest threshold at
around si, = 0.04 for parameters close to the experiment
(6 = 10T, OD = 150, T = 300 uK), i.e. well within the
same order of magnitude of that experimentally observed
(curve (4) in Fig. 4 corresponds to sj, =~ 0.06). For the
parameters of Fig. S1, the predicted threshold in optical
density is around 28, i.e. also in good qualitative agree-
ment with the experimental observation of about 19.

The treatment presented here shows that, depending
on detuning, above some critical saturation level internal-
state nonlinearities might initiate the pattern formation
and determine the timescale of the initial dynamics, but
that close to threshold the instability is dominantly op-
tomechanical in nature. In addition, we stress again
that nonlinear density redistribution effects can lead to
symmetry-breaking instabilities even in the absence of
any internal-state nonlinearity (that is, in the low sat-
uration regime). For large detuning it is also possi-
ble to neglect attenuation of the forward beam due to
absorption, leading to an unitary operator in Eq. (2).
This leads to an ultra-simplified and yet general model
for self-structuring, which will be presented elsewhere!s.
Internal-state effects are important for intermediate to
high values of the saturation parameter sy, in regimes
far beyond threshold, but lead to fast instabilities that
can be separated from the basic self-structuring mecha-
nism.
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