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We propose a method to obtain real hysteretical behavior in the optical area, and we analyze theoreti-
cally and experimentally its characteristics. This experimental method involves laser-induced electro-
strictive and thermodiffusive concentration variations in order to drive a first-order phase transition in a
liquid mixture. During the phase separation, generated droplets constituted by the minority phase are
trapped in the laser beam. They behave as a set of optically coupled bistable spherical lenses that self-
focus the wave. These changes in the optical properties of the medium result in a hysteretical behavior
that can be interpreted from common general requirements of hysteretical systems. The difference be-
tween hysteresis and classical intrinsic optical bistability is discussed, and an analogy with the magneti-
zation processes in ferromagnets is developed. The optical hysteresis is predicted from the Preisach
model, and the shape of the hysteresis loops is quantitatively analyzed. We have also experimentally in-
vestigated specific behaviors of hysteretical systems, such as the asymptotic loop and cycle creep phe-
nomena, which are often discarded and difficult to clearly observe and analyze.

PACS number(s): 64.70.Ja, 82.70.Kjj, 75.60.Ej, 42.65.Jx

I. INTRODUCTION

Laser wave propagation through certain materials can
be characterized by a bistable behavior even in the ab-
sence of any external feedback. This intrinsic optical bi-
stability has aroused a great deal of interest over the last
decade owing to its large application domain as a central
point in switching devices. In such systems, the feedback
mechanism results from the internal properties of the ma-
terial and more precisely, from modifications induced by
the exciting wave on its optical characteristics. Miller [1]
developed a theoretical description of this process and
showed its universality by indicating that intrinsic optical
bistability originates from the coexistence of two non-
equilibrium states characterized by different optical prop-
erties. This situation occurs for any first-order phase
transition. It has been investigated theoretically [2] as
well as experimentally [3] in the case of laser-induced
phase transition between two phases of different absorp-
tions. However, in these descriptions, neither the dynam-
ic aspect of the phase transition nor the existence of
metastable states was taken into account. Implicitly as-
sumed was an idealized situation of first-order transitions
in which precursor fluctuations were absent. As soon as
one of the phases becomes thermodynamically unfavor-
able, it instantaneously transforms into the other phase.
Although this picture is fairly realistic in some cases,
there are situations where the metastable phase decay is
impeded by some kinetics or mechanical constraints. In
these cases, the spatial and temporal coexistence of high
and low absorption domains is possible, and an amazing
contrast with idealized first-order transitions is obtained.
Thus, when the medium transforms from one phase to
another without any sharp transition, hysteresis becomes
the key phenomenon. Even if such domain formation has
been suggested [4] and observed [5] in intrinsic optical bi-
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stability experiments, no attempt at interpretation in
terms of optical hysteresis and no specific experiment has
so far been reported. Two arguments can be suggested to
explain this deficiency. First, optical hysteresis is, from a
technical point of view, less common than optical bista-
bility. Moreover, there is in the optical community a
usual confusion between purely deterministic optical bi-
stability and optical hysteresis. This leads to erroneously
assimilating one process with the other. As a conse-
quence, a better understanding of intrinsic optical
memory effects needs fundamental analysis leading to a
clear-cut distinction between the two manifestations.

In this paper we focus our attention on the difference
between intrinsic optical bistability and hysteresis, and
we quantitatively describe an experiment which allows us
to study the optical hysteresis resulting from a first-order
phase transition induced by a cw laser wave.

In fact, this difference was first proposed for magnetic
hysteresis, almost 60 years ago, by Preisach [6]. In this
model, which was based on some assumptions concerning
the complicated physical mechanisms of magnetization, a
ferromagnet is envisaged as a set of elementary domains
with rectangular magnetization loops of varying coercivi-
ties. Hysteresis originates from this set of coupled bi-
stable elements. This was further illustrated in a wide
variety of physical systems, including fluid invasion of
porous beds [7], martensitic transformations [8], and
capillary condensation [9].

The present study develops these ideas in the optical
area, in order to show that optical hysteresis exists and
can be described with analogous arguments. In our case,
hysteresis results from a mechanism of well-controlled
laser-induced first-order phase transition in a binary
liquid mixture, via wave-generated local variations of the
concentration of one of the mixture components.
Different processes of wave-medium coupling can be re-
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sponsible for these induced composition variations in
liquid mixtures. In recent years, it has been demonstrat-
ed that a thermal gradient gives rise to a concentration
gradient via a thermodiffusive coupling [10]. Moreover,
electrostriction, which results from dipolar forces in-
duced by the wave, can also generate variations of com-
position [11]. Using micellar phases of microemulsions
as particular mixtures, it has been previously demonstrat-
ed by self-focusing [12] and degenerate four-wave mixing
[13] experiments that both thermodiffusion and electro-
striction can be responsible for sizable concentration vari-
ations. These variations are sufficiently large to induce in
a well-chosen sample a quench in composition resulting
in a local phase separation [14]. Thus, inside the laser
beam, droplets constituted by the minority phase can be
nucleated in the initial one. In our particular case, their
refraction index is larger than that of the majority phase.
Then, owing to their large positive polarizabilities, they
are trapped on the beam axis by electrostriction. In turn,
these droplets behave as spherical lenses and self-focus
the laser beam. Since the transition is first order, the van
der Waals isothermas have an S-shaped structure and
each droplet intrinsically behaves as a bistable optical ele-
ment. Moreover, the associated lensing modifies the field
distribution and induces optical couplings between the
droplets. In other words, the optical response of the
medium is the result of a beam propagation in a self-
induced set of coupled bistable elements. Therefore, ac-
cording to the mathematical description of the Preisach
model [15], a hysteretical beam self-focusing is expected.
Our experiment allows a quantitative analysis of this
expected optical hysteresis in a very simple geometry
since it involves a quasi-one-dimensional pattern of nu-
cleated droplets, equivalent to a string of coupled bistable
elements. To study this behavior and to explore to what
extent different hysteretical systems share universal
features, we make an analogy with the magnetization
processes in bulk ferromagnets. We show how the opti-
cal response due to the medium modifications can be ma-
croscopically described from common general require-
ments of hysteretical systems. Essentially two equivalent
models are useful for such analysis. The first is based on
the magnetization of a set of ferromagnetic mono-
domains. This is the above mentioned Preisach model.
We use it to predict the optical hysteresis. The second
describes the magnetization of bulk ferromagnets in
terms of irregular displacement of Bloch walls. We also
utilize an analogous scheme to this second model intro-
duced by Sixtus and Tonks [16] in their analysis of the
magnetization processes under mechanical stresses. This
allows us to very simply describe the optical hysteresis
and the shape of the resulting loop with two competing
characteristic beam powers. These two powers represent,
respectively, the threshold of laser-induced phase transi-
tion and the threshold of optical droplet trapping, similar
in many respects to the so-called nucleation and propaga-
tion magnetic fields. Besides, we also focus our attention
on much more complicated behaviors of hysteretical sys-
tems, generally not very well studied: the existence of a
limit hysteresis loop of a cyclically excited medium [17]
and the cycle creep phenomenon, also known as “repta-
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tion” after Néel original work [18]. These intrinsic prop-
erties, often disregarded in the fundamental studies but
which have important practical consequences, also
deserve to be analyzed. We observe that, as in ferromag-
nets, successive hysteresis loops of the cyclically excited
liquid mixture are not exactly reproducible and stabilize
after a few runs. A striking result is also the observation
of the cycle creep. When the medium is cycled from the
upper part of the hysteresis loop, the system exhibits a
slow positive drift towards a laser beam self-focusing of
increasing quality.

The paper is organized as follows. We present in Sec.
IT the fundamental processes of the first-order phase tran-
sition generated by the laser wave. In Sec. III we experi-
mentally describe the expected phase separation induced
in a micellar phase of microemulsion and we characterize
its morphology and its optical properties. In Sec. IV we
present the experimental analysis of the hysteretical laser
beam self-focusing generated by the induced phase transi-
tion. We interpret the results quantitatively and discuss
them with respect to an analogy with the magnetization
processes in bulk ferromagnets. We finally conclude in
Sec. V by giving some prospects of the present study.

II. PHASE SEPARATION INDUCED
BY A cw LASER WAVE

The state of the binary liquid studied will be thermo-
dynamically described by the temperature 7, the concen-
tration (i.e., mass fraction) C of one of the components,
and the hydrostatic pressure P. In the following, we con-
sider 'a one-phase mixture located in the vicinity of the
liquid-liquid coexistence curve in the phase diagram. It is
submitted to a low power cw laser beam radiation.
Therefore global density variations due to the hydrostatic
compression of both species can be neglected in compar-
ison with those due to the osmotic compressibility of the
mixture. The hydrostatic pressure is then supposed to be
constant.

Let Cy, T, be the values of C, T in the absence of the
electromagnetic field, and Cg, T be their field-induced
variations:

C=Cy+Cyp, T=Ty+Ty . (1)
Ty and Cgp can be evaluated at the first order with
respect to the optical intensity |E|? by solving the field-
modified mass and thermal diffusion equations [19]. No-
tice that if we analyze the field interaction during time
scales very large compared to the thermal and density
characteristic times of diffusion, these equations reduce
to their stationary limits. Assuming cylindrical symme-
try, one finds at a distance » from the z axis of propaga-
tion [19]

r2

a’(z)

Tg(r,z)=BP(z2)U , (2a)

r2

a’(z)

kr
T,

Cp(r,z)=B,K;|E(r,z)|*—B,—P(2)U

l , (@b

where the wave interacting with the medium is supposed
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to be a Gaussian cw laser beam of intensity (TEMj,
mode)

8 P(z) e—rz/az(z) .

Ve, a’(z)

P(z) is the incident beam power and a(z) the beam ra-
dius. k;=—T,VC/VT is the thermodiffusive ratio and
K;y=(1/Cy)dI1/3C), is the osmotic compressibility
which characterizes the electrostrictive process. The B,
and B, constants are defined by B,;=a,/mA and
B,=(C%/8m)(de; /dC), where g, corresponds to the
linear part of the dielectric constant € of the medium (i.e.,
e=¢g; +eg), a, is the absorption coeflicient at the used
wavelength, A the thermal conductivity, and ¢, the light
velocity in vacuum. The function U depends on the
boundary conditions of the problem. If one supposes
T =0 at some very large transverse distance r =a, com-
pared to the beam radius a (z), U can be expressed as [20]

|E(r,2)|*= (3)

ay
Yz

r?,

X

I‘2
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(4)

=0.25 |In

a“(z) a“(z)

where ¥y =1.781. This concentration variation leads to
the following local variation of the osmotic pressure:

an
aC

co—-L c, .

;=
£ 0 K.C,

To describe the fundamental processes, we assume an
off-resonance wave-medium coupling. Then, the intrinsic
temperature increase T has a negligible influence on the
thermodynamical path followed in the phase diagram
compared to the concentration shift C;. In the case of
mixtures characterized by a strong thermodiffusive effect
[12], this approximation is reasonable and allows us to
consider the wave-medium coupling as isothermal. The
mixture evolution in the presence of the field will then be
depicted by an isothermal path in the phase diagram. In
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O
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FIG. 1. Schematic phase digram of a binary liquid mixture.
C is the concentration of one of the components and II is the
osmotic pressure. I1* illustrates the Maxwell plateau value at
temperature T,,. Cg denotes the isothermal optical quench in
composition in the metastable region from C,, C1 is the concen-
tration at the intersection between the coexistence curve and the
path followed by the optical quench, C, and C, are the coexist-
ing concentrations associated with the quench Cy.
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the experimental section, the bindary liquid analyzed is
characterized by a negative value of Cj because k; is
positive. Then, in order to induce a phase separation
with the field, we choose a one-phase sample of initial
concentration C, located in the vicinity of the liquid-
liquid coexistence curve on the high concentration side of
the phase diagram as illustrated in Fig. 1 in the (C,II)
plane. The increase in the incident laser beam power in-
duces an isothermal decrease in the concentration, result-
ing in a beam-centered optical quenching of the mixture
in the metastable region as soon as |Cg|>[C]—C,l.
Owing to fluctuations, this quenching into the two-phase
region results in a local phase separation through the nu-
cleation of droplets constituted of droplets constituted by
the minority phase of concentration C, [21].

III. EXPERIMENTAL ANALYSIS
OF THE INDUCED PHASE SEPARATION

A. Experimental setup and characteristics
of the chosen mixture

A schematic of our experimental setup is presented in
Fig. 2. The liquid mixture is contained in an optical
fused quartz cell thermally controlled and located at the
focal point of a X 10 microscope objective L; which
focuses a cw Ar™ laser beam (wavelength A,=5145 Ain
vacuum) on the entrance face of the cell (z =0). The evo-
lution of the interaction inside the laser beam is visual-
ized and recorded transversally to the beam axis, by
means of an optical system composed of a X20 micro-
scope objective and a charge-coupled device (CCD) video
camera coupled to a VCR and a personal computer. This
system also allows us to localize the beam waist a, inside
the cell. Values of a, ranging from 2 to 20 um can be
achieved by varying the optical path between the two
lenses L and L, (f,=200 mm). The lens L (f;=32
mm) images the output face of the cell on the circular di-

D

A
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1
[

objective lens

' monitor
Ar* Laser beam

FIG. 2. Experimental setup.
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aphragm D. The transmission of D can be considered as
a measure of the beam radius at the output of the medi-
um. It is used to quantitatively analyze the hysteretic
behavior of the system beam medium as discussed in the
next part of the paper.

To experimentally investigate the phase separation in-
duced by concentration variations generated by the wave,
we choose miscellar phases of microemulsions as test
media because they have a large sensitivity to laser
waves. Owing to the supramolecular size of the micelles,
both electrostrictive and thermodiffusive processes can
lead to measurable micellar concentration variations on
the beam axis (in our case a decrease in the micellar con-
centration) and thus are able to induce a phase separa-
tion. Moreover, since the intrinsic absorption of those
mixtures at the wavelength used is weak and k; is large,
such a phase transition can be considered, as a first ap-
proximation, as isothermal, particularly in the vicinity of
a critical point.

A microemulsion is a quaternary component mixture
of water, oil, surfactant (soap), and cosurfactant (alcohol)
which is characterized by a very large structural diversi-
ty. The selected system has the following mass composi-
tion: water 5%, n-dodecane 78%, sodium dodecyl sulfate
4.8%, and 1-pentanol 12.2%. Its phase diagram has been
reported elsewhere [22]. Located in the rich-oil part of
this diagram, it features a micellar phase at room temper-
ature which corresponds to a stable suspension of very
small spherical water droplets of approximately 4 nm in
diameter isolated from the oil (i.e., n-dodecane) by a shell
of amphiphilic molecules (i.e., surfactant) adsorbed at the
water-oil interface. These particles, called inverted mi-
celles, can be considered from the optical point of view as
a set of dielectric spheres suspended in a continuous oil
phase of varying dielectric constant. The composition of
our particular micellar phase was chosen close to a coex-
istence curve between a high critical temperature
To=31°C and a low off-critical temperature of phase
separation T, =20°C so that a very small decrease of the
micellar concentration induces a phase separation of
liquid-liquid type towards a micellar phase of lower con-
centration.

In this particular system, we have shown that the elec-
trostrictive variation in concentration is negligible [14].
The interaction between the wave and the micellar phase
is mainly controlled by the thermodiffusive process,
which results in a local decrease of the micellar concen-
tration inside the beam. In the case illustrated in Fig. 1,
this thermodiffusive coupling generates a phase separa-
tion between the micellar phase of concentration C; and
the associated minority phase of lower concentration C,.
A very small concentration decrease (C] —C,) evaluated
to be ~44X 1073 in the beam center at T, =298 K is re-
quired to induce this phase separation. In the vicinity of
the critical point, strong values of the thermodiffusive
constant k; (i.e., kp=k2[(T,—Ty)/T.] " with k~4
and v=0.63) have been measured. So low cw laser
powers are able to induce a sizable concentration varia-
tion. At this temperature, an incident laser beam power
of the order of 100 mW is sufficient to induce the transi-
tion [14].
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B. Morphology of the induced phase separation

When the medium is submitted to a laser power
higher than this threshold power, the resulting mor-
phology is strongly dominated by the difference of optical
properties between the two coexisting phases. The con-
trast of micellar concentration between C; and C,
leads to a contrast in dielectric constant Ae=g,—¢g;
=~(9¢e; /9C)y(C,—C). Since (dey /3C)y=—5.69
X107 2 and (C, —C,) are both negative in our particular
case, the index of refraction of the low concentration
phase is larger than that of the surrounding phase. From
the phase diagram [22], one has AC=(C,—C,)
=AC,[(T,—Ty) /T, and Ae,=(Ae;)[(T,—Ty)/
T.1? with f=0.32, AC,=—1.91, and (Ag; ),=0.109.
One could expect the generation of a beam-centered
cylinder of the new phase of concentration C, in the ma-
jority phase of concentration C;. However, such a
cylinder cannot exist at steady state if the wetting proper-
ties of the liquid on the walls of the cell do not have a
preeminent influence on the dynamics of the separation.
This is the case when the optical path 1 of the beam in
the cell is much larger than the laser beam circumference:
1>>27a [23]. The hydrodynamic instability of the
cylinder results from interface fluctuations (Rayleigh-like
instability). Corrugations develop in its envelope which
ultimately lead to a cylinder breaking into discrete drop-
lets [24] because the wetting processes on the cell edges
are not sufficiently strong to preserve this structure. This
was clearly observed in our experimental conditions as il-
lustrated in Fig. 3. The mixture is contained in a fused
quartz cell (2 mm thick and 1 cm wide). A laser beam of
power P,=0.24 W and beam waist ap=a(z =0)=12 um
propagates inside the sample at room temperature
T,=298 K. Under these conditions, the optical quench-
ing conditions are fulfilled and the phase separation
occurs. A droplet is generated by heterogeneous nu-
cleation on the entrance face of the cell containing the
sample [Fig. 3(a)]. The very slow dynamics of the early
growth stage of the droplet [Figs. 3(a) and 3(b)] is con-
trolled by mass diffusion [14]. Typically, 10 min are

time

FIG. 3. Growth [(a), (b)] and hydrodynamic destabilization
[(c), (d)] of a droplet nucleated heterogeneously at the internal
entrance face of the cell containing the sample, when the optical
path is large compared to the beam waist. z is the laser beam
propagation axis. The control parameters are 1=2 mm, a,=12
um, P;=240 mW, T, =298 K. The bar corresponds to 100 um.
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spent on this stage before the destabilization of the
cylinder [Fig. 3(c) and 3(d)] which is, in comparison, very
fast (=1 s).

As a consequence, when 1>>27a droplets are continu-
ously nucleated owing to the continuous field action on
the medium. Since the droplet polarizability p, is pro-
portional to its volume, the electrostrictive energy
W=—1/2p,|E|*> is in fact much larger than the
Boltzmann energy ky T,. Typically, at room temperature
one obtains |W|/kyTy~3X10® for a droplet radius
ry~a,=5 pm and an incident beam power P;=0.1 W.
One then expects the generation of a set of droplets
trapped on the beam axis. This optical trapping is illus-
trated in Fig. 4, which also shows that the droplets self-
trap the laser beam. Each generated droplet acts as a
spherical lens (i.e., ball lens). Thus the medium behaves
as a set of self-induced ball lenses which focus the laser
beam. This self-focusing process is quite original since it
is not generated by optical nonlinearities [19], which are
negligible in our particular system, but corresponds in-
stead to a linear propagation in a self-induced unhomo-
geneous liquid manipulated and arranged by the field it-
self.

It is also important to consider the case 1 <2wa where
the phase separation is completely dominated by the wet-
ting properties of the two phases [25]. The correspond-
ing behavior of the phase separation has been experimen-
tally observed using a capillary quartz cell (1=100 um)
to contain the mixture. If the minority phase is more
wettable to fused quartz than the phase of concentration
C,, as in our mixture, the droplets gradually wet the
inner cell edges and form wetting layers localized over a
surface of the order of the beam section. Since these lay-
ers cannot develop too far outside the beam, they neces-
sarily grow inside the illuminated volume and eventually
collide. This coalescence gives birth to a beam-centered
domain of the minority phase which fills up the cell con-
taining the sample between its edges across the beam sec-
tion. Neglecting the small axial curvature of this domain,
it can be approximated by a cylindrical column of section
ma’ and length 1. Since the refractive index of this
cylinder is larger than that of the surrounding phase, the
beam propagation inside the medium 1is strongly
modified. The self-focusing condition [26] is satisfied in

FIG. 4. Optical trapping of the droplets induced by the opti-
cal quench, and related laser beam self-focusing (essentially ob-
served on the right part of the photograph). The left part corre-
sponds to the entrance face of the cell. The control parameters
are 1=2 mm, a,=6 um, P;=220 mW, T;,=298 K. The bar
corresponds to 100 um.
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our conditions and, as a result, the beam creates for itself
its own waveguide. It can be noticed from Figs. 3(c) and
3(d) that the neck induced during the Rayleigh-like insta-
bility generates a completely equivalent self-guiding of
the wave. This self-trapping is observed through the
bright filament appearing at the exit of the neck in the
droplet being expelled.

IV. HYSTERESIS OF THE LASER BEAM
SELF-FOCUSING

A. Optical bistability and optical hysteresis

In the previous case, 1=2ma, the strong self-focusing
of the beam in the cylinder and the S-shaped structure of
the isotherms associated to the induced first-order phase
transition together lead to an intrinsic optical bistability.
This bistable behavior can be described in a general way
if one considers the equation of state of the mixture. Not
too far from the critical point, this equation reduces to a

universal form. In the mean-field approximation it reads
[27]

P=A,+ A,7®+ 4,9°, (5)

where 4,, A,, and A; are positive constants depending
on the chosen microscopic model which describes the in-
teractions taken into account. 2, 7, and ® are the osmot-
ic pressure, the temperature, and the volume fraction of
micelles normalized to their critical values I, T, and

dc:
H_HC
¢

T _TC
TC

?:

’ T:

_¢‘¢c
@ ‘ o

(6)

When 7<0 (i.e., two-phase region in the phase diagram),
in a certain range of 7 the function ®(?,7) defined by
Eq. (5) becomes three-valued. Since the dielectric con-
stant depends on the thermodynamical state of the medi-
um [i.e., €, =€, (P, 7,P)], this nonuniqueness of the state
of the mixture may lead to a multivalued variation of ¢,
with respect to 7. A simple linear approximation of the
Clausius-Mossotti relation allows us to express it as a
function of the order parameter ® of the phase transition
during the phase separation:

Og;

-5 D . (7)

0

g =~(gp )t

The substitution of Eq. (7) in Eq. (5) gives the variation of
the €; as a function of P at the fixed reduced temperature
7. This function is illistrated in Fig. 5 for (3¢, /9®),<0
in the case where it features an S-shaped variation (i.e.,
7<0). P* is the Maxwell plateau value. In the metasta-
ble region [P*—8P, ,P*+8P,, e, is, as expected, mul-
tivalued, the intermediate value being unstable. If one as-
sumes that a metastable state can last as long as the mix-
ture is kept in the multivalued range of the control pa-
rameter 7, an intrinsic bistable propagation takes place
when an initial one-phase sample (i.e., Py > P* +8P,,) is
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P* P, P

FIG. 5. Schematic representation of the variation in the
dielectric constant g; with the osmotic pressure 7 during a
first-order phase transition when (d¢; /3C),<0 and T, < T (as
in our experimental case). A beam power increase leads to a de-
creasing variation in 2 from its initial value 7, chosen outside
the coexistence curve. When the beam power P; is reached g;
switches from the lower to the upper part of its S-shaped varia-
tion. When the beam power is lowered from the upper part, the
switching occurs at P .

chosen because Pp=(I1;—1II.)/II- <0. The switching
up and down occur, respectively, at the beam power
thresholds P' and P defined by Pg(P")=7*—8P,, — P,
and Py(P|)=P*+8P, —7P,. The resulting bistable
wave guiding could in principle be analyzed with the ex-
perimental setup described in Fig. 2, by measuring the
power P, transn:itted by the diaphragm D as a function
of the incident power P;. However, owing to the slight
thickness of the sample, such a basic behavior of one
domain is difficult to observe.

Equivalently, if one now considers the case 1>>2ma,
where a set of droplets is generated and trapped on the
laser beam axis, each droplet in its surrounding medium
behaves as a bistable propagation element. Moreover,
the associated lensing effect modifies the field distribution
and induces optical couplings between droplets. In other
words, the optical response of the medium corresponds to
a propagation in a set of self-induced coupled bistable ele-
ments. Therefore, in the case 1>>27ra, optical hysteresis
is expected in the propagation of the field. This optical
response can be better understood with the use of a fer-
romagnetic analogy. Except when the magnetic field is
orthogonal to the minimum energy direction, the magne-
tization curve of a small isolated ferromagnetic mono-
domain features a rectangular loop with two stable states
“up” and “down” (bistable behavior) [6]. Moreover, in a
bulk ferromagnet, the irreversible couplings, in the ther-
modynamical sense, between a large number of domains
result generally in a “classical” smooth hysteresis loop.
Since the bulk can be schematically represented by a set
of interacting grains (domains) oriented at random [28],
one an therefore say that hysteresis corresponds to the
overall behavior of coupled elements which are charac-
terized by a bistable loop [15]. However, it can be object-
ed that the magnetization of a ferromagnet does not re-
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sult from a phase transition, but corresponds instead to a
manipulation of the domain structure by the magnetic
field. Thus the previous magnetic analogy would be de-
batable. In fact, strictly speaking, the magnetic analogy
has to be developed with the magnetization of a
metamagnetic material which involves an
antiferromagnetic-ferromagnetic transition when the
medium is submitted to an increasing magnetic field [29].
In this case, the magnetization starts varying linearly
with the magnetic field (antiferromagnetic phase), until
the field becomes strong enough to tilt the spins of the an-
tiferromagnet structure. Ferromagnetic domains are
then nucleated, grow, and their magnetic field manipula-
tion leads to a hysteretical response to the medium.
Therefore, since we are interested in the properties of the
more ordered phase (here the ferromagnetic one) as well
as in the associated hysteresis loop, a ferromagnetic anal-
ogy can be directly developed without any ambiguity.

B. Experimental evidence of hysteretical behavior

The laser beam self-focusing is quantitatively analyzed
by recording the power P, transmitted through the dia-
phragm D while increasing the incoming power P;, as il-
lustrated in Fig. 2. Figure 6 gives an experimental varia-
tion of P, as a function of P; for a beam waist a,=2.2
pm at the temperature 7, =24.5°C, when the aperture of
D is chosen so as to transmit one-half of the incident
power. The systematic error on each measured beam
power is =5 mW. The lower dashed line illustrates the
variation in P, when the medium has a linear behavior
(P,=0.5P;). The higher dashed line represents the varia-
tion if the diaphragm D is completely opened (P,=P;).
The experimental points shown by open circles and
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FIG. 6. Experimental variations in the transmitted power P,
as a function of the incident power P; for T;,=24.5°C and
ay=2.2 um. The experimental points describe the increasing
(0) and the decreasing (@) variations in P, at optical steady
state, and illustrate the expected hysteretical self-focusing. The
lower (higher) dashed line represents the variations in P, when
the diaphragm transmission is one-half (one).
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closed circles describe, respectively, the increasing and
the decreasing variations of the transmitted power P,. It
is important to note that each point corresponds to a
steady state for the beam propagation in the medium.
Practically, the measurement is done a few minutes after
the increase in the incident beam power. This time is
large compared to the characteristic time scale of micelle
diffusion. It appears in Fig. 6 that as long as the incident
power is smaller than a threshold power called P, the
transmission equals one-half. Thus, as already men-
tioned, the optical nonlinearity of the initial phase, if it
exists, is extremely small and is not detectable. Our mi-
cellar system can be considered as optically linear. When
P; = P, the curve suddenly deviates from the one-half
transmission to a transmission approximately equal to
one. When the incident power is decreased, this latter
transmission is preserved until a second threshold P,
below which the beam propagation recovers its linearity.
A typical example of beam propagation and transverse
beam profile before and during the self-focusing process is
given in Fig. 7. The propagation at low beam power
without self-focusing is illustrated in Figs. 7(a) and 7(b).
The self-focusing appears as a bright filament resulting
from the propagation in a self-induced set of ball lenses
[Fig. 7(c)] corresponding to the simultaneous increase in
intensity in the central part of the beam spot [Fig. 7(d)].

FIG. 7. Beam propagation and transverse beam profile below
[(@), ()] and above [(c), (d)] the self-focusing threshold P, at
room temperature for a;,=2.5 um. These photographs illus-
trate the beam propagation over one of the 2 mm of the cell
length. (b) and (d) represent images of the transverse beam
profile at the exit face of the cell. (a) and (b) show a classical
linear propagation. (c) illustrates the laser beam self-focusing
induced by the beam-trapped droplets generated by the optical
quench in composition. The corresponding transverse beam
profile (d) shows the intense beam spot resulting from this
strong self-focusing process.
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C. Temperature evolution of threshold powers

The strong laser beam self-focusing involves the nu-
cleation of droplets and thus the dynamics of the induced
phase separation after the optical quench. To optically
nucleate droplets, the incident beam power P; has to
reach a phase transition threshold (P;)py necessary to
cross the coexistence curve and to overcome the effect of
the activation barrier which prevents any noticeable nu-
cleation process. If (Cp)c denotes the smallest field-
induced variation of concentration above which nu-
cleation starts, this characteristic input beam power is
given by

—(Cg), Ty 1

(P} )pr= e (8)
PRI By 0.25In(yal/al) kr

However, the self-focusing process also involves the
trapping on the beam axis of the nucleated droplets
whose ball-lens behavior is responsible for the propaga-
tion disturbance. The trapping force has to overcome the
Brownian motion. This condition will be satisfied when
the electrostrictive coupling W satisfies the relation
\W|=1/2p,|E|*>kpT,. The smallest input beam
power needed to verify this inequality leads to an optical
trapping threshold (P )4, given in mks units by

¢V e, ma?
(PT)rad:kBTO : £ 2 s 9)
Pa
with
€7 € 3
4 —_— . 0
Pq=4TE, e+ 2¢, r (10)

The particle radius » has to be specified at the threshold
(P );aq since its value evolves during the phase transition.
This droplet growth has been analyzed elsewhere [14]. In
fact, the droplet radius which has to be taken into ac-
count in Eq. (9) must be of the order of the critical radius
r.. Indeed, the presence of a droplet inside the beam and
its subsequent growth implicitly suggest that it has been
trapped since its ‘“birth.” An order of magnitude of the
critical radius 7. can then be estimated as follows. Since
the optical quench in composition involves micelle
diffusion, the characteristic time necessary to induce a
critical droplet is related to the mass diffusion of a mi-
celle over a distance of the order of the beam radius. It
results in [30]

rzrcz(a(z,rmic)l/3 , (11)
where 7 ;. is the radius of a micelle. From Eq. (9), it is
then seen that (P;).4 is essentially dependent on the
dielectric constant contrast Ae =g, —¢€;:

3kB TOC 1 VE_L
(Pi)ag=— 5 (12)
Aermic
where we have approximated e, +2¢, by 3¢,.
Since both conditions P > (P )py and P > (P;),4 have
to be simultaneously satisfied in order to self-focus the
beam, the experimental value of P; is determined by the
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largest of these two threshold powers. To identify the
process which drives the experimental behavior, it is im-
portant to analyze the behavior of both thresholds when
approaching the critical temperature 7. From Egs. (8)
and (12), it can be noticed that these critical behavior are
respectively dominated by the variations in k; and A,.

As a consequence, when varying T, the following
behaviors are expected. Far from the critical point, the
refractive index contrast is large, leading to a phase tran-
sition threshold (P;)py larger than (P;).4. The laser
beam self-focusing is entirely controlled by the induced
phase separation process. As soon as a droplet is nucleat-
ed, it is automatically trapped in the beam center. More-
over, according to the critical behavior of kr, P; [i.e,
(P )pr in this regime] decreases when T, increases and
approaches T.. Otherwise, in the vicinity of the critical
point, the refractive index contrast between the droplets
and their surrounding phase vanishes, whereas k; be-
comes large. In this case, the behavior of the laser beam
self-focusing is governed by the droplet trapping and then
by the variations in (P;),q with Tc—T,. P; diverges
with the exponent 3 characterizing the behavior of Ae.

The experimental temperature evolution of P, is re-
ported in Fig. 11. As expected, P; diverges when ap-
proaching the critical point according to a simple power
law. The measured critical exponent 0.28 is near the
theoretical value 8=0.32. More precisely the fit of the
experimental variation in Py when T — T, <4 K leads to
the following equation:  P;=0.140(T,—T,) **
whereas Eq. (12) leads to the theoretical variation
(P4);aa=0.153(T, —T,) %32 without any adjustable pa-
rameter. This good agreement between experimental and
theoretical laws confirms that the droplet trapping is the
dominant process near the critical point. Furthermore,
Fig. 8 shows that P; decreases when T, increases in the
domain T-—T,>5 K. As expected, the droplet nu-
cleation is the dominant process in this domain and P,
follows the variations in (P, )pr. However, this tempera-
ture range is too far from the critical point and the num-

200 —

PT(mW)
100
90

80 W

70 ]
107! 10° 10'

FIG. 8. Temperature evolution of P; for a;=2.2 um illus-
trating two different behaviors. Near T, P; reflects the
droplet-trapping threshold (P ).,q which diverges with the criti-
cal exponent 3.
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ber of accessible experimental points of this part of the
curve is to low to lead to a measure of the critical ex-
ponent v characteristic of the thermodiffusive constant
k. It is possible only to quantitatively extract from Fig.
8 the experimental value of the crossover between both
regimes, the one dominated by (P; )4, and the other by
(P4 )pyp. Onme finds (To—T,)=4.5 K. This crossover is
theoretically obtained by equating (P )4 and (P;)pr. A
numerical application from Egs. (8) and (12) leads to a
theoretical value (To—T,)=S5 K, in good agreement
with experimental results.

D. Analogy between optical
and ferromagnetic hysteresis

The preceding section briefly indicated how the magne-
tization of a set of coupled ferromagnetic grains makes it
possible to predict the observed hysteretical behavior of
the beam propagation in an optically quenched medium.
This analogy can also be directly discussed from the
properties of a bulk ferromagnet composed of a large
number of domains separated by walls. In these materi-
als, the magnetization processes are strongly dependent
on the wall displacements. A phenomenological descrip-
tion has been given in terms of the so-called nucleation
and propagation magnetic fields Hy and Hp [16]. If we
consider a bulk ferromagnet magnetized at saturation in
one direction, there is only one domain. To switch the
magnetization, one has to nucleate a domain in the oppo-
site direction and to induce its growth throughout the
sample. The generation of this nucleus needs an external-
ly applied magnetic field H = Hy. Moreover, its growth
is possible only if H = Hp. The shape of the resulting
hysteresis loop depends on the ratio Hy /Hp. If one as-
similates (P4 )pt to Hy and (P;),q to Hp an equivalent
scenario is observed in our experiments.

1. Case (Py)pr >>(P4t),0a

If Hy >>Hp in a bulk ferromagnet, a square hysteresis
loop with abrupt variations in regimes is expected. As
soon as Hy is reached, nuclei are generated and instan-
taneously fill the whole sample. Similarly, as soon as
(P4 )py is reached, a first droplet of index n; =ny+An is

FIG. 9. Instability mechanism during the self-focusing pro-
cess. A set of very small droplets (shown by the arrow) is in-
duced at the intermediate beam waist resulting from the ball-
lens behavior of the nearest beam-trapped droplet. The control
parameters are 1=2 mm, a,=6 um, P,=220 mW, T,=298 K.
The bar corresponds to 50 um.
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nucleated in the medium of index n, at the beam waist
and automatically trapped. It grows inside the beam, and
around the new beam waist generated by its associated
lens effect the conditions of homogeneous nucleation are
satisfied again. A new droplet is thus nucleated. It
grows, focuses light, induces another beam waist, and so

J
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on. This instability mechanism can be analyzed in the
paraxial ray approximation, using the 4ABCD matrix for-
malism to describe the beam propagation [31]. Assuming
a beam waist a, located at the entrance of the first ball
lens, we can determine the dimension a; and the position
d, of the new waist induced by this lens [30]:

2.2 1
ary=aygp 2 2 (13)
|, An 2mnodo || An
ny Aor n,
2mThnoa
Thod0 | |, An | S An )\ L An i AR
d, Aor n, n, n ny
— 5 (14)
r 1_2__A£ zﬂnoao .é.’.’l,
n, Aot n,

Since the droplet growth is limited by the transverse
intensity distribution, we assume r =a, for the first gen-
erated droplet at optical steady state. At (T,—T,)=6K
one finds a focal length d,=35 pum and a ratio
a,/ay=0.86 (we have chosen a;=2.2 um). Thus, if in
a, at first droplet has been nucleated, then the above
value of a; shows that the conditions of nucleation are
again satisfied beyond this droplet and particularly in d,.
New droplets are then nucleated step by step. This
behavior is illustrated in Fig. 9. At an intermediate
beam waist, a homogeneous nucleation process leads to
the generation of a set of very small droplets (indicated
by an arrow) which eventually collide, giving rise to a
large one. As a consequence, when P; = (P, )py droplets
completely fill the volume crossed by the wave and in-
duce the strong laser beam self-focusing illustrated in Fig.
10 (case T — T, =6 K) by the slope breaking in P;. This
instability mechanism can also be directly observed from
a stability analysis of the ascending part of the hysteresis
loop. If just beyond P; the incident power is slightly de-
creased before a complete stabilization of the transmitted
power, the strong self-focusing first initiated in P, is not
affected.

Moreover, after a complete stabilization of the self-
focusing, if the incident beam power is decreased, the
beam-trapped droplets remain thermodynamically stable
as long as the condition |Cg|> C,—C} is preserved. Fi-
nally, because of the strong wave focusing generated by
the set of droplets, the conditions for nucleation also
remain satisfied, particularly at the induced intermediate
beam waists [(P;)py is a slightly increasing function of
a,]. This irreversible nucleation represents the main pro-
cess at the origin of the hysteretical behavior illustrated
in Fig. 10.

2. Case (Py),q >>(P1)pr

In a bulk ferromagnet, a square hysteresis loop is also
expected in the case Hp >>Hy. Indeed, even if nuclei are
induced when the magnetic field reaches H, they cannot
develop because H <Hp. They are “frozen” and eventu-
ally decrease in size and disappear. However, as soon as
H > Hp, the generated nuclei are able to grow and thus
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FIG. 10. Hysteretical behavior as a function of the ratio be-
tween the phase transition and the droplet-trapping thresholds:
i) (PT )PT>>(PT )rad (case TC_T0=6 K), (i1) (PT )pTz(PT )rad
(case Tc—To=4.5 K), and (iii) (Py)pr<<(Pq)nq (case
Tc—T,=0.6 K). The higher dashed line represents the varia-
tions in P, when the diaphragm transmission equals one.
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invade the bulk. This behavior is again completely analo-
gous to that of the optical hysteresis in the case
(P4 )aq>> (P4 )pr for which the self-focusing is controlled
by the droplet trapping inside the beam. When the con-
dition P; = (P;)pr is reached, critical droplets are nu-
cleated at the beam waist, but the electrostrictive forces
are too small to trap them efficiently. They diffusive out-
side the beam and disappear. The wave propagation
remains linear. One has to increase the incident beam
power until P; 2 (P, )4 From this threshold, nuclei are
trapped in the wave. They grow inside the beam, behave
as ball lenses, and the instability mechanism described
above in the case (P4 )pp >>(P; )4 starts. However, one
has to pay attention to the vanishing behavior of An in
the vicinity of the critical point and to its implication re-
garding the ball-lens effect. Equation (14) shows that d,
becomes negative when An <(An)g, a value below
which the lensing disappears. For a,=2.2 um, a numeri-
cal application gives (An),;,;=9.2X10~* which is
reached at (T —T,)=3X10"* K. Since all our experi-
ments were done for larger values of (T —T), this con-
dition is not relevant and a strong laser beam self-
focusing is observed, as shown in Fig. 10 (case
Tc—T,=0.6 K).

If now we decrease the incident beam power from this
situation, the droplets remain trapped. Indeed, their
growth inside the beam induces a more and more efficient
beam trapping. Moreover, the nuclei generated at the
different intermediate beam waists continue to be trapped
because of the strong intensity gradient existing at all
these different foci. This irreversible trapping process is
at the origin of the hysteretical behavior illustrated in
Fig. 10.

3. Crossover regime: (P1)pr=~(P1)4a

If we finally consider the case Hy ~Hp, the hysteresis
loop of a bulk ferromagnet is no longer square. As soon
as H > Hy, nuclei develop. However, defects in the crys-
tal structure, such as cavities, nonmagnetic inclusions, or
internal stresses, lead inside the bulk to an irregular vari-
ation in Hp which cannot be neglected since Hy~Hp. A
wall moves as long as it does not meet too important on
obstacle. To overcome such a defect, it is necessary to in-
crease the magnetic field in order to reach the associated
value of Hp. Thus the domain grows until a new impor-
tant obstacle is reached and so on. In this case the hys-
teresis loop presents the classical smooth variation. The
behavior obtained for the self-focusing during the cross-
over regime (P;)pr~(P;),4 is completely analogous.
Up to now, we have always supposed there to be a dom-
inant process, and we have always neglected disturbances
like spherical aberrations induced on the wave by the
droplets. However, during the crossover regime, these
beam propagation ‘“defects” are able to disturb nu-
cleation and trapping in a noticeable way. Indeed, the
efficiency of the ball-lens behavior of a droplet is related
to its size, and because the droplet radius is limited by the
beam radius, the transverse intensity distribution at a
focus is strongly modified. Thus the nucleation dynamics
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FIG. 11. Subloop in the case (P4),q=(P¢)pr. The arrows
denote the stationary trajectory (except for point A from which
P; is slightly decreased before a complete stabilization of P,) fol-
lowed by P, when varying P;. Since point A is not recovered
during the second incident beam power increase, return point
memory does not hold in our system.

can be stopped by these large spherical aberrations. Nu-
cleation of new droplets needs an incident beam power
increase, and so on. The induced laser beam self-focusing
is then more progressive as illustrated in Fig. 10 (case
T.—Ty,=4.5 K) in which one can see the disappearance
of a real self-focusing threshold. As shown in Fig. 11, the
resulting smooth self-focusing allows the observation of
hysteretical behaviors in partial cycling, observation
which was impossible in the two above cases owing to the
strong instability mechanism. At point A, the incident
power is slightly decreased before a complete stabiliza-
tion of the transmitted power. A partial instability mech-
anism is observed until point B, below which droplets are
progressively detrapped, causing the transmitted power
to follow the trajectory B-C. Then an incident power in-
crease from point C leads to an increased trapping of the
remaining droplets. Since the number of droplets in C is
smaller than in B, the trajectory C-D is lower than B-C.
At point D, the self-focusing follows the original path,
just above point A. It seems therefore the return point
memory effects [8,9] do not hold in our system, i.e., the
ordered configuration of the metastable droplets is not
preserved. The cycle creep phenomenon, analyzed at the
end of this section, also evidences this property.

4. Behavior of the system in P |

The behavior of the system in P during the incident
beam power decrease is completely symmetric to that in
P,. One has to consider “off-nucleation” and “off-
propagation” fields (P )py and (P, ),y which obviously
correspond, respectively, to the loss of thermodynamical
stability and to the droplet detrapping. The expression of
(P )pr is thus analogs to that of (P;)pr, but here, the
minimum field-induced concentration variation required
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for thermodynamical stability (Cz)c has to be replaced
by (C|—C,). Therefore one gets

P C
Prler __ Crle (15)
(P )pr Cy,—C)

At (Tc—Ty)=6 K, one finds (P, /Py)

=(P)pp/(P;)pr=0.57 in good agreement with the hys-
teresis loop illustrated in Fig. 6 from which we extract
(Pl )PT/(PT )PTZO' 60.

Moreover, to define (P;),q we have to estimate the
droplet volume corresponding to its detrapping. Since
droplet growth is limited by the transverse intensity dis-
tribution, we approximate the largest droplet radius to
the beam-waist value. Droplets of this size can no longer
be considered as Rayleigh particles. The geometric op-
tics regime (27wr/A=100) is also irrelevant. At the
present time, there is no analytical treatment in the case
of Gaussian fields for our intermediate size regime. How-
ever, according to Ashkin [32], an order of magnitude of
(P} )q can be given by trapping forces F calculated in
terms of a nondimensional efficiency parameter Q from
the expression

F=y/e 2

51

(16)

Since trapping and detrapping thresholds result from the
same optical force, one has

(Py)
| /rad :& , (17)
(PT )rad Ql
where, according to experimental conditions,

0,=0(r=r.~0.2 pym) and Q,=Q(r=a,=2.2 um).
From [33] we get (P ).,q/(P}),9=0.30. This order of
magnitude is within a factor of 2 smaller than that ex-
pected for hysteresis curves in the optical trapping re-
gime. Experimentally we found values of (P ).,q/(P});aq
between 0.5 and 0.6. However, the theoretical evaluation
is very rough. Moreover, this discrepancy may be due to
photophoresis [34], which was not taken into account.
Finally, it is interesting to note that in all experiments,
the measured values of P as well as P, are beam-waist
independent whatever the regime, as expected from Egs.
(8) and (12).

5. Memory of the interaction:
Limit hysteresis loop and cycle creep

It has been noticed for a long time that the magnetiza-
tion of bulk ferromagnets depends on the number of cy-
cles, time, and stresses, but few experimental works have
been devoted to these hysteretical behaviors. In particu-
lar, it is well known that successive hysteresis loops of a
cyclically magnetized ferromagnet are not exactly repro-
ducible. It was observed that loops of a verging domain
structure usually stabilize after four or five cycles. This
complicated phenomenon, discussed by Porteseil [17], re-
sults from an increasing organization of the domain
structure during the successive cycles [35].

The hysteretical nature of the self-focusing generated
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by a laser-induced phase separation process must lead to
the same behavior in the same kind of experiment. Fig-
ure 12 illustrates the expected irreversible evolution in
the case (P )pr> (P4 )4 The four hysteresis loops have
been obtained consecutively according to the following
procedure. After completely running the first loop until a
return to P;=0, a second lop is described, and so on.
From Fig. 12 some important points have to be men-
tioned. First, it clearly confirms the hysteretical nature
of the process; second, it illustrates the analogy with the
magnetization of a ferromagnet; finally, it exhibits an im-
portant memory effect.

The strong decrease in P; during the second loop
shows that the medium retains the memory of the in-
teraction during the first cycle even if a linear propaga-
tion has been recovered below the P value of this first
loop. A macroscopic observation of the sample in the vi-
cinity of the beam one hour after the completion of an ex-
periment involving only one loop shows a large number
of droplets already dispersed in the bulk. Moreover, ac-
cording to the experimental procedure, the characteristic
time necessary to decrease the incident beam power from
P, to P;=0 is of the order of a quarter of an hour. Thus
a large number of droplets generated during the first loop
are dispersed in the bulk when the second beam power in-
crease occurs. Of course, owing to the slow thermo-
dynamical destabilization outside the beam, the droplet
radii are smaller than the beam waist which corresponds
to the stationary droplet radius when the mixture is opti-
cally quenched. Unfortunately, we were not able to ana-
lyze this decrease of the droplet size with time and to de-
scribe the associated memory in a quantitatively way.
Some qualitative characteristics can, however, be given.

The presence of these small droplets in the vicinity of
the laser beam strongly modifies the different values of
the thresholds (P;)pr and (P;),4 during the second
beam power increase. At first, their existence decreases
the nucleation barrier because they behave as heterogene-
ous nucleation centers. A decrease in (P;)pp from the
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FIG. 12. Evolution of successive hysteresis loops and stabili-
zation towards a limit cycle.
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first to the second loop is then expected. Second, since
the radius of these droplets is larger than the critical ra-
dius, the trapping threshold (P;),4 also decreases from
the first to the second loop. Moreover, the decrease in P |
from a loop to another is very small compared to that of
P;. This different behavior can be explained by the fact
that the stationary droplet radius before detrapping (i.e.,
the beam radius) as well as the thermodynamical cri-
terion of droplet stability (i.e., |C;|>|C]—C,l|) are not
significantly modified from loop to loop. However, as we
shall specify later, the small decrease in P should also be
related to an increasing ordering of the set of beam-
trapped droplets. Of course P; and P reach limit values
since nucleation and trapping are, respectively, limited by
|Cz|=|C{—C,y| and r =a,,.

Finally, we should mention a second general feature of
the complicated behavior of hysteretical systems, particu-
larly observed in polycrystal ferromagnets [36] and in su-
perconductors [37]: cycle creep or reptation. When a
ferromagnet is cycled dissymmetrically with respect to
H =0, the loops exhibit a slow positive drift towards in-
creasing magnetization [38]. According to Néel [28], rep-
tation is observed if three conditions are combined: (i)
the existence of long-range couplings inside the domain
structure, (ii) the existence of multiple domain
configurations of close macroscopic energies, and (iii) the
possibility for the system to switch from one
configuration to another at random. As illustrated in
Fig. 13, in submitting our sample to dissymmetrical
increasing-decreasing variations of the incident beam
power, when the beam is self-focused, an analogous
behavior is observed: a laser beam self-focusing of in-
creasing quality.

The Néel conditions for cycle creep have their analog
in the optical situation. The long-range longitudinal cou-
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FIG. 13. Cycle creep phenomenon resulting from

increasing-decreasing variations in P; from a self-focused situa-
tion. It also demonstrates that return point memory does not
exist in our system. The dashed line represents the variations in
P, when the diaphragm transmission equals one.
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plings between droplets are generated by local intensity
gradients induced by the ball-lens effect. Nucleation and
growth processes provide the two final conditions. Many
different droplet distributions along the beam axis can
provide exactly the same transverse beam profile at the
exit face of the cell, and therefore the same self-focusing
response. Thus, as we predicted (and never evidenced) by.
Bloch during a discussion following a conference of Néel
[39], the cycle creep phenomenon also appears in phase
separating systems. Owing to the actual experimental
limitations, we were not able to give a quantitative
description of the optical cycle creep presented in Fig. 13.
However, our experiment clearly shows that the droplet
population adapts itself by selecting more and more or-
dered configurations since it has been generated by the
wave. It also illustrates the universal character of the
reptation phenomenon and shows that the return point
memory property is not satisfied in our system.

V. CONCLUSION

In this paper we have investigated the phenomenon of
optical hysteresis in the case of a first-order phase transi-
tion resulting from laser-induced concentration varia-
tions in a binary liquid mixture. An experiment has been
performed in a micellar phase of microemulsion located,
in composition, in the vicinity of the liquid-liquid coex-
istence curve. First, we have theoretically described and
experimentally analyzed the original laser-induced phase
transition process. The type of involved interaction
opens a new experimental thermodynamical path in the
phase diagram, in order to manipulate mixtures and par-
ticularly to induce phase transitions. Besides tempera-
ture and pressure, the third thermodynamical variable,
concentration, can also be externally monitored. In our
particular medium, the induced quenching in composi-
tion was a thermodiffusive nature. To analyze the
influence of the induced phase separation on the beam
propagation, particular attention has been paid to the ex-
perimental configuration. When the thickness of the cell
containing the sample is of the order of the beam perime-
ter, a stable cylinder composed of the minority phase is
generated inside the beam. This cylinder behaves as an
intrinsic bistable optical wave guide. In the more com-
mon situation where the sample is thick, such a cylinder
is unstable. The morphology of the wave-medium system
becomes completely different. Droplets are continuously
nucleated in the beam. They are subsequently trapped by
the wave, behave in their surrounding medium as bistable
spherical lenses, and hysteretically self-focus the laser
beam. Since it involves a one-dimensional geometry of
interaction, this experiment illustrates very simply a
Preisach scenario in the optical area. The lensing induces
optical couplings between the droplets, each of them
behaving as a bistable optical element of propagation.

Afterwards, we have experimentally analyzed such a
scenario and compared the optical and magnetic process-
es. Our approach does not provide a universal descrip-
tion of hysteretical systems, but the comparison between
two experiments as different as the laser propagation in-
side an optically quenched liquid mixture and the magne-
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tization of a bulk solid ferromagnet gives an illustration
sufficiently relevant to go thoroughly into a theoretical
discussion of this subject, which is neither new nor
solved.

One of the most important advantages of our one-
dimensional geometry of interaction with respect to the
Sixtus Tonks experiments concerns the ability to give a
theoretical description of the fundamental processes, and
to compare them with the measured one, which is
difficult to achieve with bulk ferromagnets, owing to the
large complexity of the domain structure. The agreement
between predicted behaviors and experiments is quite sa-
tisfactory. Another advantage is the ability to precisely
describe the influence, on the hysteresis loop, of the com-
petition between the two processes associated with the
phase separation and droplet trapping. The crossover re-
gime, in which the thresholds are of the same order of
magnitude, is particularly interesting according to a re-
cent paper by Sethna et al. [40]. These authors propose
a spin model for disorder-driven first-order phase transi-
tions which includes interactions between domains and a
random field acting on each of them to mimic their in-
teractions with structural defects. This model, in which
the shape of the hysteresis loops is driven by an instabili-
ty mechanism disturbed by disorder, is particularly suit-
able for the description of our very simple geometry of in-
teraction. Its adaptation to our situation is now in pro-
gress.

Moreover, to depict the complexity of hysteretical sys-
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tems we have also analyzed other intrinsic behaviors
often considered as secondary: a regime of asymptotic
hysteresis when the sample is cycled after the first loop
and the cycle creep phenomenon. As in ferromagnets,
they are due to the complex domain structure induced by
the wave-medium interactions. Even if, in the present ex-
periment, we were only able to give a phenomenological
description, the observed properties illustrate the value of
optical hysteresis. Owing to the very simple geometry of
the involved interaction, our experimental configuration
provides interesting perspectives for improving the mod-
eling of this difficult phenomenon. More generally,
laser-induced first-order phase transition gives a new ex-
ample of systems in which hysteretical behaviors appear
very clearly. It also suggests that the associated irreversi-
ble and nonlinear phenomena, which deserve to be more
deeply analyzed both experimentally and theoretically,
should not be regarded as secondary statistical effects,
but rather as general features to be considered when at-
tempting to understand the fundamental properties of
hysteretical systems.
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FIG. 2. Experimental setup.
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FIG. 3. Growth [(a), (b)] and hydrodynamic destabilization
[(c), (d)] of a droplet nucleated heterogeneously at the internal
entrance face of the cell containing the sample, when the optical
path is large compared to the beam waist. z is the laser beam
propagation axis. The control parameters are 1=2 mm, a,=12
pm, P, =240 mW, T, =298 K. The bar corresponds to 100 pm.



FIG. 4. Optical trapping of the droplets induced by the opti-
cal quench, and related laser beam self-focusing (essentially ob-
served on the right part of the photograph). The left part corre-
sponds to the entrance face of the cell. The control parameters
are 1=2 mm, a;=6 um, P;=220 mW, T,=298 K. The bar
corresponds to 100 pm.



FIG. 7. Beam propagation and transverse beam profile below
[(a), (b)] and above [(c), (d)] the self-focusing threshold P, at
room temperature for a,=2.5 um. These photographs illus-
trate the beam propagation over one of the 2 mm of the cell
length. (b) and (d) represent images of the transverse beam
profile at the exit face of the cell. (a) and (b) show a classical
linear propagation. (c) illustrates the laser beam self-focusing
induced by the beam-trapped droplets generated by the optical
quench in composition. The corresponding transverse beam
profile (d) shows the intense beam spot resulting from this
strong self-focusing process.



FIG. 9. Instability mechanism during the self-focusing pro-
cess. A set of very small droplets (shown by the arrow) is in-
duced at the intermediate beam waist resulting from the ball-
lens behavior of the nearest beam-trapped droplet. The control
parameters are 1 =2 mm, a,=6 um, P,=220 mW, T,=298 K.
The bar corresponds to 50 pm.



