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Ground-state coherence versus orientation: Competing mechanisms for light-induced magnetic
self-organization in cold atoms
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We investigate the interplay between two mechanisms for magnetic self-organization in a cloud of cold
rubidium atoms subjected to a retroreflected laser beam. The transition between two different phases, one
linked to a spontaneous spatial modulation of the Am = 2 ground-state coherence and the other to that of
the magnetic orientation (spin), can be induced by tuning either a weak transverse magnetic field or the
laser intensity. We observe both first- and second-order transitions depending on the presence of the magnetic
field. The experimental observations are successfully compared to extended numerical simulations based on a

spin-1 model.

DOI: 10.1103/PhysRevA.105.023505

I. INTRODUCTION

Cold and ultracold atoms are nowadays increasingly used
in quantum simulator approaches [1,2] to study classical [3]
and quantum magnetism [4,5]. These studies usually involve
the trapping of atoms in externally applied optical potentials
of increasing complexity and reconfigurability [6]. The in-
teractions between particles can be boosted using strongly
dipolar gases [7,8] and polar molecules [9,10], or Rydberg
atoms [11,12].

Another approach is to use light to mediate the interactions
between atoms. Indeed, under the action of a retroreflected
laser beam, a sample of cold atoms can self-organize with-
out the presence of any external spatially modulated optical
potential. The spontaneously arising spatial order, which can
be long-range, may concern either external degrees of free-
dom (density) [13—15] or internal ones, such as excited-state
populations [16] or Zeeman populations and coherences in the
ground state [17,18]. In the case of density self-organization,
the retroreflected scheme bears some similarities with trans-
versely pumped cavities schemes [19-21], with the difference
that self-organization occurs by breaking two continuous sym-
metries (translation and rotation in the plane transverse to
beam propagation) due to the absence of a preferred axis (as
in cavities).

In a previous work [17], we observed several self-
organized magnetic phases in an experiment using a large
cloud of cold 8’Rb atoms. The transition between these phases
was induced by tuning the direction and magnitude of a
weak magnetic field. In particular, applying the magnetic field
along the laser beam’s propagation axis led to the transition
from a square-symmetry antiferromagnetic (AFM) phase to
a hexagonal-symmetry ferrimagnetic (FM) phase [18]. The
observed behavior of the AFM phase versus the magnetic field
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was in agreement with predictions of the antiferromagnetic
Ising model [22,23]. It was shown that both these phases are
based on the spontaneous spatial modulation of the atomic
ground-state orientation, roughly similarly to early observa-
tions in hot sodium vapors using an effective spin-1/2 system
[24,25] but with additional subtleties due to the more complex
atomic structure [26].

In the present work, we investigate a more exotic phase
whose existence relies on the spontaneous modulation of the
Am = 2 atomic ground-state coherence. The physics at work
here involves a quadrupole component of the magnetization
[27], instead of the dipole term corresponding to orientation.
By essence, this phase cannot occur in spin-1/2 systems.
Hereafter, it is termed the “ground-state coherence” (GSC)
phase. In the following, we first briefly describe in Sec. II the
experimental setup and detection scheme. Then, in Sec. III,
the spin-1 theoretical model and associated numerical sim-
ulations used for comparison with experimental findings are
briefly discussed. In Sec. IV we describe the main features
characterizing the GSC phase and discuss the range of param-
eters where it can be observed. Finally, in Sec. V, we study
the different ways to induce a transition between the GSC and
AFM phases, and we discuss the nature of these transitions.

II. SHORT DESCRIPTION OF EXPERIMENT

The self-organization phenomena that we study are due
to an optical feedback scheme based on diffractive cou-
pling [28,29]. A laser beam passes through a cloud of cold
atoms, which results in deformations of its wave front. The
transmitted wave is fed back to the cloud by a mirror after
free-space propagation (hence the “diffractive” coupling). The
diffracted wave reacts on the cloud’s susceptibility due to an
optical nonlinearity, producing feedback. In such a closed-
loop system, various types of spatially self-organized phases
can emerge, depending on the nature of the nonlinearity
[14,16,17,24,30,31].

©2022 American Physical Society
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FIG. 1. Sketch of the experiment. A red-detuned laser beam
passes through a large cold 8’Rb cloud. The beam is then retrore-
flected, and its intensity distributions in near field and far field are
recorded. Two orthogonal polarization channels are simultaneously
analyzed. The temporal dynamics is recorded with a photodiode. See
text for details.

The experiment proceeds as sketched in Fig. 1. A large
cloud of cold (T ~ 200 uK) 8Rb atoms is produced in a
magneto-optical trap (MOT). The diameter of the cloud is
around 13 mm (full width at half maximum) and its on-
resonance optical density (OD) will be equal to 130 in the
rest of the paper (except for the data of Fig. 8, where the OD
is varied). This cloud is released from the MOT by switching
off the trapping beams and the magnetic-field gradient and
is then illuminated by a retroreflected laser beam of waist
2.2 mm (1/e? radius) and peak intensity I, detuned from the
F =2 — F’ = 3 transition of the D2 lineby —12 T (I" /27 =
6 MHz is the natural width of the transition). Because of
this relatively large detuning, the saturation parameter associ-
ated with the incident beam s = é m, where I, is the
saturation intensity, will remain small throughout this paper
(5x107* <5 <0.1).

The laser beam also contains a few percent of
“repumping” light to keep the atoms in the F =2 ground
state. The beam’s polarization is linear, aligned along the x
axis in Fig. 1. The duration of the laser pulse is 1 ms. During
the pulse duration, a weak magnetic field is applied to the
cloud along the direction of the input laser beam’s polarization
E (0<B; <25 G, By =B, =0 except in Fig. 6). After
detection of the various signals (see below), the MOT is turned
on again and the whole cycle is repeated.

Part of the beam retroreflected by the feedback mirror (FM)
is collected by a nonpolarizing beam splitter (BS1) and used
for detection. A spatial filter (SF), which can be removed,
blocks the “undiffracted” component of the light (or “zeroth
order”) corresponding to the smooth incident Gaussian mode.
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FIG. 2. Analysis of temporal dynamics (experimental). We show
an example of the time dependence of the diffracted power. The
intensity profile of the laser is shown as a dashed line. Using a linear
fit of the initial growth, we extract the growth rate (GR) and the
delay 7,.

The “sideband” components of the light, which correspond
to the light diffracted by the transverse spatial modulation of
the cloud’s susceptibility, are unaffected by the spatial filter.
A second nonpolarizing beam splitter (BS2) is used to send
part of this light on a photodiode (PD) for time-resolved de-
tection of the diffracted power P;. The rest of the light is split
into its circular polarization components by a quarter-wave
plate (A/4) + polarizing beam splitter (PBS) assembly. Al-
ternatively, the A /4 can be removed and the reflected beam’s
polarization is separated into its linear components, parallel
(lin // channel) and orthogonal (lin L channel) to the inci-
dent beam’s polarization. The transverse intensity distribution
of the light in each polarization channel is detected both in
near field (NF) and far field (FF) using CCD cameras. In
NF (see Fig. 3), the imaged plane is chosen to visualize the
“re-entrant” intensity distribution, i.e., the light that is fed
back to the cloud. The FF, obtained in the focal plane of a lens
(not shown in Fig. 1), corresponds to the angular distribution
of the light (see Fig. 4). The diffracted sidebands show up as
peaks on a circle whose radius is the transverse wave vector
selected by the position of the feedback mirror [28].

Figure 2 shows an example of the dynamics of the
diffracted power detected with the photomultiplier. By per-
forming a linear fit of the initial rise, we can extract the growth
rate (given by the slope of the fit) and the delay t; from
laser turn-on (the dashed lines represent the intensity profile
of the laser pulse). The area under the temporal profile is
the diffracted energy E;. Such a time-resolved detection is
essential for the results presented in Sec. V.

III. THEORETICAL MODEL AND NUMERICAL
SIMULATIONS

We briefly outline here the model used to describe our
system. Details can be found in the supplementary mate-
rial of Ref. [17]. Because of the low saturation used in the
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FIG. 3. Near-field distribution of the GSC phase in the lin

1 channel (experimental). The four panels illustrate shot-to-shot

fluctuations of the observed patterns. The field of view is 5 x 5 mm.
Parameters: B, = 1 G,/ = 2 mW/cm?.

experiments, we can safely neglect both optomechanical
[14] and excited-state [16] pattern-forming mechanisms. The
physics that we study here extends beyond that of a spin-
1/2 system and ordinary Zeeman pumping [24]. However,
it seems unrealistic to try modeling the full complexity of
our experimental F = 2 — F’ = 3 transition. Thus, we set-
tled fora F = 1 — F’ = 2 model transition that includes the
necessary ingredients to explain most of our experimental
observations.

Our observations are typically made at sufficiently low
saturation such that all the relevant physics can be expressed
in terms of ground-state quantities. Taking the quantization
axis along the laser beam’s propagation axis z, the rele-
vant atomic variables are the orientation w = p;; — p_1_1,
the alignment X = p;; + p_1—1 — 2pp0, and the Am =2
ground-state coherence ¢ =2p_1 =u-+iv (u and v are
the real and imaginary parts of ¢, respectively). Here, p;; are
the matrix elements of the ground-state Zeeman sublevels. In
the description in terms of multipole moments of the magneti-
zation [27], w corresponds to a dipole term, while X, u, and v
are quadrupole terms. The connection between these atomic
variables and the optical properties of the atomic cloud of
thickness L is illustrated by the following expression describ-
ing the propagation of the circularly polarized components of
the light field E through the cloud:

dp Pl (143 +1XE+3( v)E.

—E, =i— w4 — — v )

2 =~ "L gV T JEET T IVEE
(D

Here, @ are the linear phase shifts acquired by these fields
upon traversing the cloud. Since the laser detuning is large, we

FIG. 4. Polarization distribution of the GSC phase (experimen-
tal). We show FF images (with the zeroth order blocked) recorded
in each of the four polarization channels: (a) o, (b) o7, (¢) lin //,
and (d) lin L. The intensity scale is the same within each pair of
orthogonal channels, but different for circular and linear channels.
The field of view is 16 mrad x 16 mrad. Parameters: B, =1 G,
I =2mW/cm?.

neglect absorption and consider only the cloud’s (real) index
of refraction. The £ and = signs in front of w and v show
that the optical response due to these variables is polarization
dependent, which can lead to a change of the polarization of
the light field (polarization instability). On the contrary, the
optical response due to the X and u variables is polarization
preserving. Also, it is seen that both u# and v allow for a
cross-coupling between E, and E_ fields [17]. Indeed, these
terms correspond to a “A” scheme where both fields address
the same excited state.

The temporal evolution of the atomic variables is gov-
erned by a set of eight coupled equations involving pumping
terms associated with the circular polarization components
of the total light field. This total field is the sum of the
forward-propagating field (incident beam) and the backward-
propagating one (retroreflected one), for which diffraction is
included to account for propagation between the cloud and the
mirror and back (see Fig. 1). The interference between beams
creates a longitudinal grating along z at the optical wave-
length scale. However, since the response time of the atomic
ground state is fairly large, the atoms travel several optical
wavelengths during that time and the modulation averages
out. Thus, we replace the pumping terms in the set of coupled
equations by their spatial averages (along z). We numerically
solve this set of coupled equations for the atomic parameters
and light fields on a 128 x 128 grid and thus have access to
both light intensity and atomic parameter distributions in the
transverse plane (x, y). The simulations can be run using an
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incident plane wave or a Gaussian beam, to better match the
experimental observations (see Fig. 11B).

IV. OBSERVATION OF GSC PHASE

In this section, we describe the distinctive features of the
GSC phase. As a general rule, this phase is observed when
a magnetic field B, # 0 is applied along the direction of
the polarization of the incident laser beam [17]. Additional
requirements on other parameters such as other B field com-
ponents, laser intensity, or cloud OD are discussed in the
following.

We show in Fig. 3 examples of near-field transverse light
intensity distributions belonging to the GSC phase. These
images correspond to single shots recorded in the lin L chan-
nel, with the same parameters. As can be seen, the GSC
phase is characterized by regions with relatively highly con-
trasted intensity structures separated by weakly contrasted
regions. Unlike in the antiferromagnetic and ferrimagnetic
phases [17,18], there is usually no long-range order except on
rare occasions. As a consequence, the FF image for the GSC
phase usually consists of a ring with a fairly even intensity
distribution (see Fig. 4). The structures typically observed in
NF include stripes, zig-zags, checkerboards, and dots on a
square lattice.

The polarization properties of the light are illustrated by
the FF images shown in Fig. 4, where the zeroth order has
been blocked. Figures 4(a) and 4(b) correspond to the two
circular channels, and Figs. 4(c) and 4(d) correspond to the
lin // and lin L channels, respectively. The intensity display
is the same for Figs. 4(a) and 4(b) and for Figs. 4(c) and 4(d).
Note that these four images were not recorded simultaneously
(only two orthogonal channels can be recorded at the same
time, see Fig. 1). As can be seen in these single-shot images,
the FF intensity is fairly evenly distributed on the ring shape,
which indicates a random orientation of the structures in the
NF. In addition, the observation of Figs. 4(c) and 4(d) reveals
that most of the diffracted light has a linear polarization,
orthogonal to that of the incident beam. According to Eq. (1),
this means that this phase is associated with a large spatial
modulation of either w or v (or both). The measured ratio of
the diffracted light power in the L and // channels exceeds
100. As a comparison, this ratio is approximately 1 order of
magnitude lower for the AFM phase (B = 0).

For comparison with the images in Fig. 3, we show in
Fig. 5(a) the NF intensity distribution obtained for the GSC
phase in the numerical simulation (incident plane wave, lin L
channel, B, = 0.76 G, I = 6.68 mW /cm?). The NF typically
exhibits stripelike structures of random orientation, separated
by lines of defects. Figures 5(b), 5(c), and 5(d) show the
corresponding distributions of the atomic parameters w, u,
and v, respectively. As can be seen, the Am =2 Zeeman
coherence and, in particular, its imaginary part v show a large
spatial modulation which constitutes a signature of the GSC
phase. The presence of this modulation in the GSC phase (and
its much reduced value in the AFM phase) was experimentally
demonstrated in Ref. [17]. We note in Fig. 5(b) that the orien-
tation w also exhibits a sizable spatial modulation. This is not
in itself surprising considering that w, u, and v are coupled
variables in the equations describing the system. The exact

intensity
(mW/cm?2) w

5.845

0.50
0.33
4.676 017
3.507
2.338

1.169

0.000
0.10

—-0.07 | 0.1
-0.15 0.0
-0.23 -0.1
-0.32 |4 -0.2
—-0.40 -0.3

FIG. 5. Observation of the GSC phase (numerical). (a) NF inten-
sity (mW /cm?) in lin L channel, (b) w distribution, (c) u distribution,
and (d) v distribution. The field of view is 1.8 mm x 1.8 mm.
Parameters: plane-wave input, B, = 0.76 G, I = 6.68 mW /cm?.

role played by the modulation of w in the establishment of
the GSC phase is not understood at present, but that of ¢ is
essential.

As pointed out before, the GSC phase is observed when a
nonzero magnetic field is applied to the atomic cloud along the
direction of input laser polarization. Increasing the magnetic
field’s components along the other axes (B, or B;) tends to de-
stroy the coherence ¢ and hence the GSC phase, as illustrated
in Fig. 6. In this figure, we plot the measured GSC phase’s
intensity threshold IS¢ as the magnetic field’s components
are varied. In Fig. 6(a), both B, and B; are varied with B, = 0.
In Fig. 6(b), By and B, are varied with B, = 0.71 G. The
curves in Fig. 6 are symmetric with respect to a change of sign
of all B components. As can be seen, the threshold intensity
increases as either B, or B; is increased. This is because the
driving has to be increased to compensate for the decoherence
induced by either By or B, (or both). As B, is increased, the
(By, B;) domain of observation of the GSC phase broadens.
In three (B field) dimensions, the region of occurrence of the
GSC phase thus has a “conical” shape whose axis is the B,
axis. Note that the tip of the cone corresponds to B, # 0, as
can be seen in Fig. 6(a): the GSC phase is not observed below
a certain threshold value of B,. Indeed, around zero magnetic
field, the AFM phase relying on orientation is favored as can
be expected by the large prefactor in front of w in Eq. (1).
The coherence-based GSC phase can arise only when the
orientation-based mechanism is reduced by the population
mixing induced by B, # 0 [17].

A striking feature of the GSC phase is the very low light
level required for its formation. The lowest threshold intensity
that we were able to measure is [$5¢ = 0.34 mW/cm? (for
OD = 100 and 6 = —9TI"). The corresponding peak saturation
parameter for the incident beam is s = 2.9 x 10~*. Here, we
have assumed even populations in all Zeeman substates of the
ground state (g = 3.58 mW/ cm?). At this saturation level,
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FIG. 6. Domain of observation of the GSC phase in the
magnetic-field space (experimental). (a) GSC intensity threshold
versus B. and B, (B, = 0). (b) GSC intensity threshold versus B,
and B, (B, = 0.71 G).

only a few photons are exchanged between each atom and the
laser field during a 1-ms-long laser pulse. As is discussed in
the next section, a characteristic feature of the GSC phase is
that it also presents an upper intensity threshold: the phase
disappears above a certain laser intensity.

The formation of a self-organized phase requires the non-
linear phase shift experienced by the incident wave to be
above a certain threshold value, which in turn imposes a
minimal value for the linear phase shift and thus the OD
[14,16,17]. This threshold OD depends on the nature of the
nonlinearity. It was already noted in Ref. [17] that the thresh-
old OD for the GSC phase is larger than that for the AFM
phase. This observation is confirmed and further illustrated in
the next section.

V. TRANSITIONS BETWEEN GSC AND AFM PHASES

We concentrate in this section on the transition from the
GSC phase to the nearby AFM phase and on the comparison
of the nature of the bifurcations leading to these two phases.
We use two different schemes to induce such a transition,
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FIG. 7. Transition from AFM to GSC phase via B, tuning (ex-
perimental). We plot in panel (a) the diffracted energy and (b) the
delay as a function of B, (in logarithmic scale). The squares and stars
correspond to the AFM and GSC phases, respectively. The dashed
line indicates the boundary between phases. The laser intensity is
I =163 mW/cm?.

either by tuning the transverse magnetic field B, or the laser
intensity /.

A. Magnetic-field-induced transition

A first way to observe the AFM-GSC transition is to start
from the AFM phase, whose optimum occurs at B, = B, =
B, =0, and to gradually increase B, at constant laser inten-
sity. As discussed before, above some critical B, value the
orientation-based mechanism associated with the AFM phase
is no longer sustained because of the Zeeman substate mixing
due to the transverse B- field, and the GSC phase takes over.
The critical B, depends on laser intensity: very roughly, the
transition occurs when the Larmor frequency is of the order
of the Rabi frequency.

This transition is experimentally observed in Fig. 7. We
plot here the diffracted energy E; [Fig. 7(a)] and the delay t,
[Fig. 7(b)] for the two phases (squares correspond to AFM,
stars to GSC) versus B, in logarithmic scale. These quantities
are extracted from time-resolved profiles such as shown in
Fig. 2, detected in the L channel, which are averaged over
20 successive shots. In Fig. 7(a), for the AFM phase E; drops
when B, is increased, as expected from the discussion above.
At a critical field B, = 0.115 G (dashed line), the transition
to the GSC phase occurs. Above the critical field, for the
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FIG. 8. Role of OD on AFM and GSC phases (experimental). We
plot the scaled diffracted energy (see text) of the AFM (squares) and
GSC (stars) phases versus B,, for different values of OD: (1) OD =
110, (2) OD = 86, (3) OD =57, (4) OD = 52, (5§) OD =41, (6) OD
=31, and (7) OD = 26. Note the double logarithmic scale. The laser
intensity is / = 3.6 mW /cm?.

GSC phase E; increases steadily with B,. In Fig. 7(b), the
delays for both phases are seen to diverge when approaching
the transition. This is referred to as “critical slowing down,”
a feature commonly observed near bifurcations [32]. We fur-
ther analyze this phenomenon at the end of this paper.

As mentioned before, the threshold OD is different differ-
ent for the two phases. This is illustrated in Fig. 8, where
we repeated the experiment of Fig. 7 for different values of
the OD. In this experiment, the OD was varied at fixed cloud
size by transferring a variable amount of population into the
F =1 state, which is not interacting with the pattern-forming
laser beam. Indeed, this specific measurement was performed
without repumping light in the laser beam. Because of the low
saturation (s = 1.7 x 1073), the atomic population in F =2
remained constant during the 1-ms-long pattern formation se-
quence. We plot the diffracted energy for both AFM (squares)
and GSC (stars) phases versus B, (note the double logarithmic
scale). The open circles correspond to measurements where
no structured phase was observed (we set the corresponding
E; to 1073 for display purpose). In Fig. 8, all curves have
been scaled such that the growth rate is unity for B, =0 G
(here offset by 0.008 G for better display). For the low laser
intensity considered here (I = 3.6 mW/cm?), the transition
from AFM to GSC occurs around B, &~ 50 mG. The point
here is to compare the relative behaviors of the GSC and AFM
phases as the OD is decreased. As can be seen, the GSC phase
decreases faster. A gap between the two phases develops as the
OD is decreased, and appears around OD = 57 for this set of
parameters. This gap broadens as the OD is further decreased.
Eventually, the GSC phase vanishes while the AFM phase is
still observed (curve 7, OD = 26). For OD = 18 (not shown in
Fig. 8), the AFM phase is no longer observed. This difference
in OD thresholds between the two phases is also observed in
the numerical simulations.

0.6
]
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2 0.4
c
=}
£ .
T
uP AFM
0.2
*
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*
4 *
*
*
*
¥
Oﬁ T T T T 1** b ! T T T 1
0O 10 20 30 40 50 60 70 80 90 100 110 120

laser intensity (mW/cm?2)

FIG. 9. Transition from GSC to AFM phase via laser intensity
tuning (experimental). We plot the diffracted energy E, at beam
center as a function of increasing laser intensity, and we observe
the transition from the GSC phase (stars, x5) to the AFM phase
(squares). The circles correspond to E; = 0. The dashed line indi-
cates the approximate position of the intensity threshold for the AFM
phase. The insets illustrate the “blinking” behavior of the AFM phase
in the bistability region (see text). The magnetic field is B, = 0.71 G.

B. Laser-intensity-induced transition

A second way to induce the transition between the GSC
and AFM phases is by tuning the laser intensity. We start by
setting B, # 0, at a value which sustains the GSC phase, and
increase the laser intensity. Above a certain critical intensity,
the optical pumping rate responsible for the establishment of
an orientation will become larger than the substate mixing rate
due to the Larmor precession induced by B,. There, we expect
a transition to the AFM phase to occur.

The outcome of such an experiment is depicted in Fig. 9,
where we plot the diffracted energy detected in the L channel
and at beam center, as a function of laser intensity. The mag-
netic field is B, = 0.71 G. At low intensity, we first observe
the onset of the GSC phase above a threshold intensity of
I$5€ ~ 0.9 mW/cm?. The diffracted energy then increases
up to a maximum reached for / = 15 mW/cm?. We then
observe a decrease of E;, until the GSC phase vanishes at
beam center. Although this behavior is also observed in the
numerics for certain parameters (see discussion below), we do
not have a clear physical interpretation for it at the moment.
The GSC phase thus exhibits both lower and upper intensity
thresholds. We stress that this behavior is unique among the
“magnetic” phases observed in our experiment [17]. It was
however observed, unsurprisingly, for the self-organization
mechanism based on excited-state population [16].

For a critical intensity of ItﬁFM ~ 80 mW/cmz, the AFM
phase turns on abruptly. We observe a quite narrow region of
bistability around the critical intensity, with large fluctuations
of E; as the AFM phase turns randomly on and off from shot
to shot, as illustrated by the NF images in Fig. 9. These images
correspond to consecutive single-shot near-field images. It can
be seen from image (1) that the GSC phase has vanished from
beam center (highest laser intensity), but is still present in the
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FIG. 10. Behavior of GSC and AFM phases versus laser intensity for different B, values (experimental). We report (a) the growth rate and
(b) the delay for different values of B,: (1) B, =0, (2) B, =0.14 G, (3) B, =0.28 G, 4) B, = 0.5 G, (5) B, = 0.71 G, (6) B, = 1.06 G, (7)
B, = 1.56 G, and (8) B, = 2.27 G. The stars (squares) correspond to the GSC (AFM) phase. The vertical dashed lines indicate the positions

of AFM thresholds.

wings. The AFM phase appears first at beam center (2), in the
region where the GSC phase is depleted.

The experiment of Fig. 9 was repeated for different B,
values. We show in Fig. 10 how the growth rates and
delays behave in the two phases (note the double logarithmic
scale). The stars (respectively, squares) correspond to the GSC
(respectively, AFM) phase. Concentrating first on the growth
rate [Fig. 10(a)], we observe that for the GSC phase it first
increases and then decreases with increasing laser intensity,
in agreement with Fig. 9. The intensity for which the max-
imum growth rate is obtained is seen to increase with Bj.
On the contrary, we notice that below &5 mW/cm2 all data
corresponding to different B, collapse on the same curve. This
suggests that the lower intensity threshold for the GSC phase
is nearly independent of B, (this was confirmed by direct
measurements). Looking now at the growth rate for the AFM
phase, we observe above threshold an increase with laser in-
tensity toward a common curve seemingly independent of B,
at high intensities. The AFM threshold intensity is observed to
increase linearly with B,, with a slope of 127 mW cm~2 G~
The linear dependence of the AFM threshold intensity with B,
is consistent with the picture that, for this orientation-based
phase, light-induced Zeeman pumping needs to overcome the
level mixing associated with the transverse magnetic field. As
B, is increased, the “gap” between the GSC and AFM phases
widens, and the magnitude of the discontinuity at the AFM
threshold increases.

We now turn to Fig. 10(b) showing the behavior of the
delay. For the GSC phase, we observe a divergence of t; near
both lower and upper intensity thresholds. As mentioned be-
fore, the lower threshold is nearly B, independent, whilst the
upper one does strongly depend on B,. For the AFM phase, the
delay is seen to diverge at threshold and then monotonously
decreases as the laser intensity is increased.

Our numerical simulations reproduce qualitatively most
of the experimental observations. For instance, Figure 11(a)
shows the intensity-induced transition between GSC and

AFM phases for different B, values, to be compared with
Figs. 9 and 10. We recover the results that the GSC inten-
sity threshold is nearly independent on B,, while the AFM
intensity threshold increases linearly with B,. Note, however,
the rather large quantitative mismatch in the values of, e.g.,
I5™ which are smaller in the simulations. We attribute this
difference to the ground-state structure of ’Rb, which is more
complex than a spin-1 system.

We also observe a qualitative difference with the experi-
ment, which is that we cannot reproduce the full behavior seen
in Fig. 9 with a single set of simulation parameters. Using
the values of experimental parameters of Fig. 10 yields the
curves in Fig. 11(a), with the abrupt switching of the AFM
phase but no vanishing of the GSC phase at large intensity.
Using different parameters (lower OD) yields the vanishing
of the GSC at large intensity but a continuous switching of
the AFM. The origin of this discrepancy remains unexplained
at the moment.

Finally, Fig. 11(b) shows a simulated NF image obtained
using an incident Gaussian beam, just above the AFM thresh-
old: the AFM phase is seen to appear at the beam’s center,
while the GSC phase is present in the wings, in close con-
nection with what is observed experimentally [image (2)
in Fig. 9].

C. Nature of the different transitions

As can be readily seen from Figs. 9 and 10, several types
of bifurcations can be observed in this system. For all B, val-
ues, the GSC phase exhibits a smooth, continuous evolution
of the diffracted intensity as its lower intensity threshold is
crossed, which indicates a second-order transition. The same
is observed for the AFM phase in the particular case of B, =
0. However, when B, # 0, the transition to AFM becomes
clearly first order, with a discontinuity of E; at threshold
whose magnitude increases with B,. These behaviors are con-
firmed by the numerics [Fig. 11(a)].

023505-7



G. LABEYRIE et al.

PHYSICAL REVIEW A 105, 023505 (2022)

@ ,

—
@

P, (arb. units)

0.5

0 2 4 6 8 10 12 14 16
laser intensity (mW/cm?2)

(b)

X

FIG. 11. Transition from GSC to AFM phase via laser inten-
sity tuning (numerical). (a) Steady-state diffracted power P, as a
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2)B,=04G,(3 B, =06G, 4 B,=0.76 G, and (5) B, =1
G. (b) NF image just above the AFM threshold (simulation with
Gaussian beam), showing the coexistence of AFM (center) and GSC
(wings).

One may use the phenomenon of critical slowing down
to characterize the nature of the bifurcation. In the critical
regime, the delay is expected to scale as a power law with dis-
tance to threshold: t; o« (I — Iy,)~%. The value of the critical
exponent « can be used as a smoking gun for different types of
bifurcations [33]. However, the determination of « can be del-
icate in our case, as illustrated in Fig. 12(a). We plot in log-log
scale the delay for the GSC phase at B, = 0.71 G as a function
of the intensity distance to threshold 7 — ISSC. The threshold
value I$5€ = 0.9 mW /cm? is obtained by linear extrapolation
of the measured E,;(I) data to E; = 0. This yields the stars
in Fig. 12(a). As can be seen, the data deviate from a power
law at low I — I&;’SC values and exhibit a curvature which is
consistent with an overestimation of ISSC. Indeed, if we use a
“rescaled” threshold intensity equal to 0.5 x I$5C, we obtain
the circles which nicely fit a power law with « = 0.86 (solid
line). Several reasons can lead to this overestimation of the
threshold intensity. First, the sensitivity of our time-resolved
detection is somewhat limited. Second, the measured E (1)
curve is smooth, and thus the linear extrapolation yields a
threshold value larger than the actual one. Finally, close to
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FIG. 12. Critical slowing down and scaling exponents. (a) GSC
delay for B, = 0.71 G plotted versus distance from threshold 7 — I,
(experimental). Note the double logarithmic scale. The stars and cir-
cles respectively correspond to the measured and rescaled threshold
intensity (see text). (b) Scaling exponent for the GSC phase (stars)
and the AFM phase (squares) versus B,. The solid and open symbols
correspond to experimental and numerical data, respectively. The
dashed and dotted lines show theoretically expected values for the
two types of bifurcations (see text).

threshold the delay diverges and may become larger than the
laser pulse duration (1 ms). In this situation, one measures
E; = 0 even though the threshold is not yet reached.

Figure 12(b) shows a summary of the values of o ex-
perimentally obtained for different B,, for both GSC (solid
stars) and AFM (solid squares) phases. The data are those
of Fig. 10. The open symbols correspond to the numerical
results. The solid and dashed lines correspond to the theoreti-
cal expectations for second-order (¢ = 1) and first-order (o« =
0.5) transitions. Despite the relatively large uncertainty on
experimental values of « due to the difficulty in determining
I, we observe the following behaviors. For the GSC phase, in
the whole B, range where it is observed, the exponent is close
to 1 and consistent with a pitchfork bifurcation [33,34], which
is continuous (second-order). The same is true for the AFM
phase close to B, = 0, that is where it appears in a primary
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transition from an homogeneous state and not in a secondary
transition after the GSC phase as in Fig. 9. In the latter case,
we find an exponent close to 0.5 as expected for a first-order
transition. These observations are confirmed by the numerics.

VI. CONCLUSION

In this paper we have explored some aspects of magnetic
self-organization in a cold atomic cloud due to the coupling
with a retroreflected laser beam. We investigated the prop-
erties of an original phase based on the spontaneous spatial
modulation of the Am = 2 ground-state coherence. The rich-
ness of this system allowed us to study the transition between
phases of different nature and the competition between dif-
ferent self-organization mechanisms. Further investigations
are required to gain a better understanding of the nature of
the GSC phase and, in particular, of the interplay between
orientation and ground-state coherence. A possible experi-
mental development toward achieving this goal would be to
use a spatial light modulator to seed the desired dipolar or
quadrupolar terms by a spatial modulation of either the input
beam’s direction of polarization or its helicity.

Future developments could include the study of the ob-
served bifurcations using the statistics of topological defects,
in the framework of the Kibble-Zurek mechanism [35]. The
search for optically controllable, localized magnetic structures
[36] of various natures is also an exciting perspective. The
bistability region at the first-order bifurcation to the AFM
phase for B, # 0 seems a promising candidate to observe
such effects. Also, the diffractive coupling scheme offers the
possibility to tailor the nature (and not only the magnitude)
of the interactions between atoms, by modifying either the
polarization or the spatial intensity distribution of the light
fed back to the atoms, which could lead to the observation
of new phases [17] and interesting phenomena such as, e.g.,
frustration.
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