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Performances of holographic gratings monitored by laser-induced phase separation
in liquid mixtures
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We theoretically describe and experimentally explore the kinetics of holographic grating formation resulting
from different laser-induced phase separation mechanisms. Our method makes use of two interfering c.w. laser
waves to quench binary mixtures in composition, and to optically trap the nucleated domains on the fringes.
Essentially, two different processes can lead to these variations in concentration: electrostriction and thermod-
iffusion. The former originates from induced dipolar couplings in a field gradient; as photopolymerization, this
is a local process which is essentially sensitive to theq5q0 Fourier mode forced by the fringe modulation. The
latter corresponds to a variation in composition driven by a small thermal gradient; as solvent evaporation and
thermal heating techniques, it is nonlocal and behaves as 1/q2 because of its dissipative origin. By making
experiments in both cases, we show that thisq dependence on excitation has a strong influence on the
performance of holographic gratings. While in the first case reflectivity saturates because the phase transition
is confined by the fringes which behave as separated optical boxes with ‘‘soft walls’’ which calibrate the
droplet size, blurring is expected for fringe-trapped domains induced by a nonlocal phase transition because the
transition is governed by the Gaussian shape of the pump beams, and nucleated domains can reach a much
larger size than the fringe spacing. The good agreement observed with our general model clearly illustrates
how to make the difference between local and nonlocal excitations, and offers a first step towards a unified
description of holographic grating formation monitored by phase transitions.

DOI: 10.1103/PhysRevE.63.041504 PACS number~s!: 64.70.Ja, 42.40.Pa, 82.70.Kj
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I. INTRODUCTION

Organization of matter on a microscopic scale is of c
cial interest for successful developments in holographic d
storage and diffractive optics@1#. If surface relief modulation
effects are widely used in applications@2#, an attractive al-
ternative is the emergence of bulk composite materials,
cause they exhibit many advantages such as combinatio
high diffraction efficiencies with both narrow band wav
length and angle selectivity@3#. Among the variety of artifi-
cial media used for such holograms~photopolymers@4#, pho-
torefractive crystals@5#, . . . !, those resulting from a phas
transition are very appealing. Indeed, by quenching a liq
mixture inside the miscibility gap, the system becomes
trinsically inhomogeneous due to nucleation and growth
droplets constituted by the minority phase in coexisten
Polymer-dispersed-liquid crystals~PDLC! @6#, i.e., materials
composed of liquid crystal-rich droplets dispersed in
polymer-rich matrix, are maybe the most well-known illu
tration of such composites. The droplets are usually form
via ~i! temperature-induced@7#, ~ii ! solvent evaporation-
induced@8#, or ~iii ! polymerization-induced@9# phase sepa
ration. In the first case, a homogeneous mixture of polym
and liquid crystal is prepared and the temperature is chan
so that the two components are no longer miscible. On
other hand, even if solvent evaporation is usually monito
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by temperature variations, now the transition is not direc
thermally-driven but results, in fact, from a quenching
composition induced by an increase in solute concentra
~here the liquid crystal!. Finally, in polymerization-induced
phase transition, the initial mixture is composed of mon
mers and liquid crystal, and the separation is generated
polymerizing the monomers.

Although the basic principles of operation are rath
simple, any particular application requires a carefully co
trolled and tailored adjustment of the properties of the ma
rial. Understanding the droplet growth and droplet patte
organization is then crucial because the performances of
final devices depend on the size, shape, and distributio
these droplets. Due to the number of nonequilibrium p
cesses involved, the coupling between phase separation
ordering makes this problem in morphogenesis rich and c
lenging. It also implies that control of these processes i
difficult task, not only because the droplet growth needs
be tailored but also because metastability is a key phen
enon of first-order phase transitions. Indeed, nucleation
known to occur spatially at random and to be initiated ir
versibly by bursts due to the high sensitivity of the nuc
ation rate to even small thermodynamic fluctuations@10#.
Moreover, the intrinsic polydispersity of the droplet distrib
tion usually strongly decreases the signal/noise ratio of
expected response of the induced heterogeneous ma
@11#.

There have been striking advances towards a better
trol of the material heterogeneity when Sutherlandet al. @12#
implemented a single step process in which the laser fi
distribution simultaneously induces the transition and or
©2001 The American Physical Society04-1
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nizes the droplet patterning. In their experiment, a prepo
mer syrup consisting of a mixture of liquid crystal, mon
mers, and photoinitiator was irradiated by two interferi
pump beams. Liquid crystals droplets were formed with
the polymerized sample in a similar spatially periodic patt
with a size that seemed to be monitored by the fringe sp
ing. While this experiment is a beautiful illustration of
local coupling~i.e., in direct correspondence to the field d
tribution!, in both thermal and evaporation methods this
cality is lost because the origin of the quenching becom
dissipative; it is indirectly driven by the field through th
heat deposited by the wave in the medium. However, un
standing of these various phenomena is still at an early s
@13# because their theoretical description involves sub
couplings between diffusion-driven kinetics effects~phase
transition, phase separation! and properly fashioned inhomo
geneous electromagnetic field.

The present study is devoted to the analysis of these
plings. We theoretically describe and experimentally expl
the kinetics of holographic grating formation resulting fro
laser-induced phase separation. Experiments are realized
classical binary liquid mixture with a composition close to
liquid–liquid critical point. Even if the structure of such
medium is more simple than that of mixtures usually cons
ered in holographic recording~polymer/liquid crystal mix-
ture, for instance!, our choice was motivated by the hope
providing a simple and universal description of the involv
processes. Indeed, to fully understand the grating format
a thermodynamic description of the kinetics of the induc
transition is required. Such a theory exists for simple bin
mixtures @14#, which generally belong to the universalit
class~d53, n51! of the Ising model;d is the space dimen
sion andn that of the order parameter, here the concen
tion. Moreover, from the experimental point of view, the u
of quasicritical fluids is particularly interesting because~i!
close to a critical point laser couplings are generally hu
and easy to observe@15#; and~ii ! due to universality, results
obtained for a particular mixture are totally transportable
any mixture belonging to the same Ising class. Our met
uses interfering c.w. laser waves to quench binary liq
mixtures in temperature and composition, and to optica
trap the nucleated domains in the high intensity regions@16#.
Essentially, two different processes can lead to these va
tions in composition: electrostriction@17# and thermodiffu-
sion @18#. The former results from the coupling of the in
duced dipole moment generated by the field on each par
of solute with the gradient of this field. As for photopoly
merization, this is a local process. The latter takes into
count indirect thermal effect. Even off-resonance, a wav
usually slightly absorbed in the mixture due to a resid
absorption of the components. The resulting weak be
centered temperature gradient can give rise to a small t
mal contribution of the optical quench for low critical poin
mixtures @19#. For our mixtures, this contribution is negl
gible. However, despite its weakness, the overheating
induce large concentration gradients via a thermodiffus
process, particularly in the vicinity of a liquid–liquid critica
point where the Soret constant presents a diverging beha
On contrary to dipolar couplings, thermodiffusion is nonl
04150
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cal in nature. As for the solvent evaporation technique, th
modiffusive concentration variations do not follow exact
the electromagnetic field distribution because they are
duced by a heat flow, resulting here from light absorption

By making the experiment with two interfering beam
the phase separation is driven by the fringe pattern and c
fined in the excited bulk area; rigid boundaries play no ro
Moreover, if the nucleated droplets are also optically trapp
by the field gradient of these fringes, a droplet grating
generated, whose properties and patterning will depend
the excitation process. As a consequence, by making exp
ments in simple binary fluids, it is easy to mimic observ
tions made in much more complicated mixtures, with t
advantage that a full theoretical description can be imp
mented and compared to experimental results. This was
main motivation in investigating the dynamics of hol
graphic grating formation resulting from a first order pha
transition.

This paper is organized as follows. In Sec. II, we pres
the fundamental processes involved during an optical que
in composition driven by two interfering pump beams in
binary liquid mixture. We also describe the growth of th
droplets nucleated by the field in a fringe pattern and ded
the dynamic reflectivity of the resulting droplet gratin
Since behaviors depend on the excitation process, the c
parison between local and nonlocal couplings is particula
developed. The mixtures used to experimentally illustrate
expected droplet grating reflectivities are described in S
III. Without loss of generality, we choose near-critical mice
lar phases of microemulsions as test media to give an
versal description~associated to criticality! and to improve
the comparison with models~the mesoscopic nature of thes
suspensions strongly increases signal/noise ratio in exp
ments!. Section IV is devoted to the experimental setup. E
perimental results for both local and nonlocal couplings
then presented and discussed in Sec. V. We finally conc
in Sec. VI with the opportunity offered by this work to ope
a general discussion on holographic gratings monitored
laser-induced phase transitions.

II. ELECTROSTRICTIVE VERSUS THERMODIFFUSIVE
PHASE SEPARATION INDUCED BY TWO

INTERFERING BEAMS IN BINARY LIQUID MIXTURES

A. Governing equations for the induced transition

Let us consider a binary liquid mixture far from th
liquid-gas transition. Then, its thermodynamic properties c
be described by the temperatureT, the volume concentration
in soluteF, and the hydrostatic pressure. However, for m
tures close to a liquid–liquid transition submitted to a lo
power c.w. laser radiation, global density fluctuations res
ing from a field-induced hydrostatic compression are ne
gible compared to the field variations of concentration driv
by osmotic compressibility. Then, we suppose in the follo
ing that the hydrostatic pressure remains constant, even
ing the application of a laser wave. LetF0 andT0 denote the
values ofF and T in the absence of electromagnetic wa
andFE andTE their field variations.FE andTE can easily
be evaluated at the first order, with respect to the
4-2
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PERFORMANCES OF HOLOGRAPHIC GRATINGS . . . PHYSICAL REVIEW E 63 041504
tensity distributionI (rW), by solving the field-modified hea
and mass transfer equations@20#. Since the thermal diffusiv-
ity xT is much larger than the solute diffusion constantD2

5KBT0/6phj2, wherej2 is the correlation length of den
sity fluctuations inside the coexistence curve andh is the
bulk viscosity, the small overheating can be assumed as
most instantaneous compared to the nucleation time sc
Then, these equations become

]FE

]t
5D2F¹W 2FE1

%0

%s

kT

T0
¹W 2TE~rW !

2
«0KTF0

2

2 S ]«M

]F D
T

¹W 2uEW u2~rW !G , ~1a!

L th¹W
2TE~rW !1aaI ~rW !50, ~1b!

where%0 , %s , aa , andL th are respectively the initial den
sity, the solute density, the absorption coefficient at
wavelength used, and the thermal conductivity.I (rW)
51/2«0A«McuEW u2(rW) is the field intensity, wherec is the
light velocity in vacuum,«M and«0 correspond respectivel
to the dielectric constant of the medium and to the dielec
permittivity, andEW (rW) represents the slowly varying ampl
tude of the optical field~i.e., its mean value over one optic
period!. The second and the third terms of the rhs of Eq. 1~a!
describe, respectively, the thermodiffusive variation of co
centration driven by the wave-induced thermal gradients
the osmotic compression of the solute resulting from el
trostrictive forces generated by field gradients. Thermodif
sion is characterized by the Soret constantkT while electros-
triction is proportional to the osmotic compressibilityKT .

For a Fourier componentI (q) of the intensity distribution,
whereqÞ0 is the modulus of an excited spatial wave vec
qW , the time dependence of the field-induced variation in co
position is given by@21#

FE~q,t !5FE~q,t5`!@12exp~2D2q2t !#. ~2!

Equation~2! shows thattD51/D2q2 represents the charac
teristic time scale of a quench in composition.FE(q,t5`)
5Fel(q,t5`)1F th(q,t5`) is the sum of the steady-sta
electrostrictive and thermodiffusive Fourier contribution
respectively given by

Fel~q,t5`!5
«0KTF0

2

2 S ]«M

]F D
T

uEW u2~q! ~3!

and

F th~q,t5`!52
%0

%s

kT

T0
TE~q!, ~4a!

with

TE~q!5
aa

L th

I ~q!

q2 . ~4b!
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Note that the nonlocality of thermodiffusion appea
through the 1/q2 behavior ofTE(q); sinceF th(q,t5`) cor-
responds to the exact image of the temperature distribut
it is not only proportional to the local field intensity but als
depends on the thermal boundary conditions in the medi

These concentration variations can be used to quenc
binary liquid located in composition in the vicinity of it
coexistence curve and to analyze the decay of the resu
metastable state@16#. If FE(q,t),0, as in our experiments
the concentration in solute decreases in the high laser in
sity regions. Thus, in the low critical point mixtures d
scribed below, the system can be quenched optically ifF0 is
located in the high concentration side of the phase diag
close to the coexistence curve, as schematically illustrate
Fig. 1. Note the generality of the mechanism since
quenching procedure is symmetric for a mixture charac
ized byFE(q,t).0; F0 has simply to be chosen close to th
low concentration side of the coexistence curve. As a res
at some field-dependent nucleation timetc which should be
defined ~see below!, droplets constituted by the minorit
phase in coexistenceFm are nucleated by the field in th
majority phaseFM .

To grow, the nucleated droplets must stay inside
fringe pattern. In fact, this condition is automatically sat
fied for an electrostrictive quench. Let us assumeFel(q,t)
,0, which corresponds to the situation depicted in Fig. 1.
this case, the volume concentration of soluteFm inside the
nucleated domains is smaller than that of the surround
phaseFM . But according to Eq.~3!, Fel(q,t),0 also means
that (]«M /]F)T,0. Thus the nucleated droplets necessa
have a refractive index larger than that ofFM . As a conse-

FIG. 1. Schematic phase diagram of our system as a functio
temperatureT0 and volume concentration in soluteF. Fsamplecor-
responds to the chosen composition andTC denotes the critical
temperature;FM andFm are, respectively, the concentration of th
majority and the minority phases in coexistence.FE represents the
quench in composition induced by the field distribution from t
initial point (F0 ,T0). Insets: ~a! situation for T0,TC (F0

5Fsample); ~b! situation forT0.TC (F05FM).
4-3
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quence, their optical polarizability is positive, and they a
optically trapped in the high field intensity regions. This a
tomatic trapping condition is not surprising for electrostr
tion since the same dipolar mechanism is involved in
quench itself and in the optical trapping of the nuclea
droplets@17#. For a quench in composition driven by the
modiffusion, the situation is not as clear because the sig
kT depends on the properties of the entropy of mixing@18#,
which are not related to the refractive index contrast betw
Fm andFM . Thus it is impossible to conclude in a gener
way about the optical trapping properties in this case. In
following, the mixture used for the analysis o
thermodiffusion-induced phase transition will be then cho
so as to ensure the trapping of the nucleated domain
illuminated areas.

Finally, we must note that the first observable laser-driv
effect is a small increase in temperatureTE(q) associated to
the low optical absorption at the wavelength used. It lead
a third contribution of the optical quench which, according
xT@D2, can be considered as almost instantaneous. S
waves are not resonant, this thermal component represen
our investigation a shallow effect which can be neglec
compared to the concentration variation when analyzing
late stage kinetics of phase separation@22#. Due to its rel-
evance in numerous applications, this coupling will
briefly discussed in Sec. II D.

To use these composition variations for building ho
graphic gratings, we consider two linearly polarized c.
TEM00 Gaussian waves of same intensity which interfe
with an angleu ~Fig. 2!. Thus, as shown in Fig. 3, three wav
vector distributions of width 2/a0 , wherea0 is the beam-
waist of the pumps at beam intersection, are excited in
medium. If L0 denotes the induced fringe spacing andq0
5uqW 0u52p/L0 , these distributions are respectively center
aroundqW 50W , qW 5qW 05kW22kW1 and qW 52qW 05kW12kW2 ~where
kW1 andkW2 are the wave vectors of the two pump beams!. The
distribution centered aroundqW 50W ~denoted in the following
q̄50! represents the contribution of the Gaussian inten
shape of the pumps themselves while those centered ar
qW 0 and 2qW 0 ~denotedq5q0 in the following! describe the
modulationL0 of the interference pattern.

Since concentration variations induced by a local c
pling, here electrostriction, are directly proportional to inte
sity, theq̄50 andq5q0 contributions have same amplitud

FIG. 2. Experimental configuration forT0,TC and T0.TC .
The grid mimics the grating induced in the phaseFM .
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in the medium~see Fig. 3!. To increase the signal/noise rat
in experiments, we also chooseq0a0>10. Then, the mass
diffusion time scale associated to theq̄50 mode is at least
one hundred time larger than that corresponding to the fri
spacing and we can consider that variations in composi
are totally driven by theq5q0 mode. As a consequence,
plane wave approximation can be used close to the b
crossing and the intensity distribution can be written as

I ~x!5I 0@11cos~q0x!#, ~5!

whereI 05(P/pa0
2) andP is the total power injected into the

sample. Using Eq.~3!, the electrostrictive contribution at th
center of the fringe pattern (x!a0) becomes

Fel~x,t !'Fel
q5q0~x,t !52

KTF0
2

c S ]A«M

]F D
T

P

pa0
2

3@11cos~q0x!#@12exp~2D2q0
2t !#. ~6!

This means that the phase transition driven by the field
almost completely monitored by the fringes; the Gauss
nature of the pumps is negligible.

On the other hand, Eqs.~4a!–~4b! shows that thermodif-
fusion is a nonlocal process becauseF th(q,t)}TE(q)
}I (q)/q2. Due to the 1/q2 behavior, the wave vector distri
bution centered around theqW 50W mode is always strongly
enhanced compared to any forcedqW 5qW 0Þ0 mode~see Fig.
3!. This can also be illustrated in direct space by writing t
inverse Fourier transform ofTE(q) and F th(q,t) at beam
intersection asTE(x)5TE

q̄50(x)1TE
q5q0(x) and F th(x,t)

5F th
q̄50(x,t)1F th

q5q0(x,t). Using Eqs.~1a!–~1b!, the pump
beams contribution at the center of the fringe pattern is

TE
q̄50~x!5

aaP

4pL th
F2E1S x2

a0
2D 2 lnS x2

acl
2 D G , ~7a!

FIG. 3. Fourier representation of local (}I (q)) and nonlocal
(}I (q)/q2) excitations induced by two interfering TEM00 Gaussian
pump waves forq0a0520; a0 andq0 are, respectively, the beam
waist of the pump and the Fourier component associated with
fringe spacing.
4-4
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F th
q̄50~x,t !52

%0

%d

kT

T0
TE

q̄50~x!F12expS 2
D2

a0
2 t D G .

~7b!

The distanceacl(acl@a0) is defined by the thermal boundar
conditionTE

q̄50(x5acl)50 andE1(x) is the 1-argument Ex-
ponential Integral function. Besides, the fringe contributi
to the concentration variation induced by thermodiffusion

F th
q5q0~x,t !52

%0

%d

kT

T0

aa

L th

1

q0
2

P

pa0
2

3cos~q0x!@12exp~2D2q0
2t !t#. ~8!

Using E1(x!1)'2 ln(gx)1x, whereg51.781 is the Euler
constant, the ratio between those two contributions in
center of the central fringe is of the order of unity at sh
time (t!1/D2q0

2) and reaches@F th
q̄50/F th

q5q0#(x50,t5`)
5(q0a0/2)2 ln(gacl

2 /a0
2) at steady state. As a consequen

for q0a0>10, the modulation of concentration induced
the fringe pattern becomes rapidly negligible compared
that generated by the Gaussian shape of the pump beam
phase transition induced by thermodiffusion does not feel
existence of the fringe pattern. As illustrated in the followi
section, this difference in mode excitation between local a
nonlocal couplings makes a huge modification in drop
growth and grating reflectivity, because the thermodyna
length scale switches fromL0 to a0 .

B. Droplet growth in a fringe pattern

To analyze the dynamic reflectivity of an induced drop
grating, it is necessary to build a model for the drop
growth in the fringe pattern. As already mentioned, for re
tively unfocused waves, the symmetry of each pump beam
almost cylindrical around the propagation axis. However,
spite this symmetry, the growing droplets are necessa
spherical due to a minimization of their surface energy. U
fortunately, a rigorous treatment of such symmetry mixi
~growing spheres in a cylindrical quench!, analogous to tha
encountered for droplet growth in a gravitational field@23#,
cannot be performed simply. Since our aim is to explore
general properties of holographic gratings built from las
driven phase transitions and to obtain analytical results
easy interpretation of the experimental data, we will not ta
into account this geometric influence of surface tension.
stead, we will analyze the transverse growth of cylindri
droplets and assume that the predicted radius of the grow
cylinders corresponds to that of the induced spherical dr
lets trapped by the fringes.

Unlike the spherical symmetry scenario where the sin
droplet problem may be solved directly from the steady-s
equation for the solute diffusion, it is necessary here to c
sider an effective medium that will remove the unphysi
singularity appearing in the concentration field; in cylindric
symmetry, the general solution of the stationary mass di
sion equation Eq.~1a! exhibits a logarithmic divergence a
r→`. Even if anad hocapproach towards resolution is t
introduce an arbitrary cutoff distance that prevents this div
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gence, it has been shown@24# that this method leads to in
correct results, even qualitatively. To solve the problem i
more appropriate way, Marqusee@24# considered an effec
tive medium and derived self-consistently the growth rate
circular domains. We have extended Marqusee’s mode
two-dimensional Ostwald ripening to the laser-driven tra
verse growth of a beam-trapped cylindrical droplet of rad
R and lengthl ( l @R). Let tC denote the mean time neede
to initiate nucleation in presence of the field. Then, in t
adiabatic approximation@25#, i.e., when the solute concen
tration around the growing droplets is almost stationary,
transverse three-dimensional diffusion-controlled grow
rate of a cylindrical beam-trapped droplet nucleated by
optical quench in composition is@22#

dR

dt
5

D2

R S R

zE
D K1~R/zE!

K0~R/zE!

3H FE~R,tC!1RS zE

R D K0~R/zE!

K1~R/zE! S ]FE

]r D
r 5R,t5tC

Fm2FM

1
F02FM

Fm2FM
2

d0

R
J , ~9!

where the screening lengthzE satisfies the relationship:

~zE!2152pE
0

`

R@K1~R/zE!/K0~R/zE!#n~R,t !dR.

Hered0 is a capillary length@26# andK0(x) andK1(x) are,
respectively, the first and second modified Bessel functio
When comparing the experimental results with the mod
we will assume that the variation ofR/zE , with the quench
depth calculated numerically by Marqusee for the Ostw
ripening regime, still holds in the presence of the laser fie
Equation~9! is very similar to the classical growth rate of
cylindrical domain for a spatially uniform quenching@24#,
except that now the supersaturation

FE~R,tC!1RS zE

R D K0~R/zE!

K1~R/zE! S ]FE

]r D
r 5R,t5tC

1F02FM

becomes a function of both the field distribution and drop
radius. To illustrate the modification in behavior induced
the nonlocality or locality of the excitation, we particulariz
now FE and separate the electrostrictive and the thermo
fusive processes, assuming thatFE is eitherFel or F th .

1. Local growth rate in presence of electrostriction

As illustrated by Eq.~6! for a local process, the induce
phase transition is monitored by the modulation of the int
ference pattern. Due to the finite extension of the fringe, th
are independent from each other from the thermodyna
point of view, and the same growth law holds over all t
fringes located at the center of the pattern, where the Ga
4-5
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ian envelop of the pumps is negligible. We then consider
droplet growth inside the central fringe by assimilating
modulation to a transverse sine profile of extensionL0 with
cylindrical symmetry. As a consequence, the droplet gro
rate is simply described by Eq.~9!, whereFE corresponds to
Fel(x,tC) given by Eq.~6! which is rewritten as

Fel~x,tC!5
1

2
~Fel!0@11cos~q0x!#, ~10!

where

~Fel!05Fel~x50,tC!

54
KTF0

2

c S ]A«M

]F D
T

P

pa0
2 @12exp~2D2q0

2tC!#

is the optical quench in composition on the axis of the int
ference pattern.

Without any alteration of generality, we assumeF0
5FM for the description of the model. This means that t
initial composition of the mixture is supposed to be loca
on its coexistence curve as for experiments presented in
III @situation depicted in inset~b! of Fig. 1#. In this case, all
the incident beam power is used for the quench. The dro
growth rate becomes:

dR

dt
5

D2

R S R

zE
D K1~R/zE!

K0~R/zE!

3H 1

2

~Fel!0

~Fm2FM ! F11cos~q0R!

2zE

K0~R/zE!

K1~R/zE!
q0 sin~q0R!G2

d0

R J . ~11!

2. Nonlocal growth rate in presence of thermodiffusion

As already shown, nonlocality in field variations in com
position implies that theq50 mode is always strongly en
hanced compared to the intensity modulation of the inter
ence pattern. For thermodiffusion, the quenching and
droplet growth are then essentially driven by the Gauss
shape of the pump beams despite the droplet trapping by
fringes. As a consequence, the droplet growth rate is sim
described by Eq.~9!, whereFE corresponds toF th

q̄50(x,tC)
given by Eq.~7b!, which is rewritten as

F th
q̄50~x,tC!5~F th

q̄50!0

1

ln~g~acl/a0!2!

3H 2E1S x2

a0
2D 2 lnS x2

acl
2 D J , ~12!

where
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~F th
q̄50!05F th

q̄50~x50,tC!

52
%0

%S

kT

T0

aaP

4pL th
lnS g

acl
2

a0
2 D F12expS 2

D2

a0
2 tCD G

is the optical quench in composition on the axis of the int
ference pattern. The droplet growth rate becomes

dR

dt
5

D2

R S R

zE
D K1~R/zE!

K0~R/zE!

3H ~F th
q̄50!0

~Fm2FM !

1

ln~gacl
2 /a0

2! F2E1S R2

a0
2 D 2 lnS R2

acl
2 D

12S zE

R D K0~R/zE!

K1~R/zE! S expS 2
R2

a0
2 D 21D G2

d0

R J . ~13!

3. Discussion in terms of locality

If R!L0/2 ~resp.R!a0! for electrostriction~resp. ther-
modiffusion!, Eqs. ~11! and ~13! reduce to the familiar ex-
pression of the droplet growth rate for spatially unifor
quenches@26#:

dR

dt
'

D2

R H ~FE!0

~Fm2FM !
2

d0

R J . ~14!

However, modifications appear at largerR. To show these
differences, Fig. 4 illustrates the set of predicted radii
which dR/dt50 versus the quench depth on the axis of t
interference pattern. For a comparison, both electrostric
and thermodiffusive couplings are depicted~assuming
(Fel)05(F th

q̄50)0!, as well as the classical behavior given b
Eq. ~14! which, as stated above, corresponds to small dro
radii. In the latter case,dR/dt50 gives the set of critical
radii RC

E . This set is represented by a hyperbola, which s
ply means that the critical radius is inversely proportional
the quench depth; according to Eq.~14!, RC

E

5d0 /@(FE)0 /(Fm2FM)#. For an optical quench, the situ
ation is more complicated. In the presence of waves,
stationary regimedR/dt50 leads to a droplet radius tha
exhibits a cuvette shape as a function of the initial cen
quench depth.dR/dt50 is positive inside this curve an
negative outside. The left branch corresponds to the crit
radiusRC

E variation while the right branch gives the max
mum droplet radiusRMAX

E allowed by the finite size of the
optical quench. This finite size effect also leads to a cutof
the set of possibleRC

E ; there is a maximum value ofRC
E

which also represents the smallest accessibleRMAX
E . This is

also associated with a minimum quench depth below wh
the transition cannot occur. This limitation shows that t
beam size~resp. the fringe spacing! in thermodiffusion~resp.
in electrostriction! reduces the set of accessible length sca
for the droplet growth compared to a classical unifo
quench.

Moreover, Fig. 4 also illustrates different behaviors,
terms of accessible droplet radii, for electrostrictive and th
modiffusive quenches in composition induced by the sa
4-6



n
nc
i-
g
is
h

rd
t t
pl

a

th
d
rie

ta
n

e
n

b

m-
the
.
to

ans-

her
ot
the
re-
cal
e
se
r,

d of
p-
ere.
lso

illus-

n in

su
o

s
he
r
ed
if

tal

he
tive
on
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interfering pump beams. As discussed above, this differe
is due to the local or nonlocal character of the quench. Si
electrostriction varies linearly with field intensity, it is mon
tored by the fringe spacing, and droplet radii cannot be lar
than L0/2. On the contrary, for thermodiffusion, which
driven by the temperature dissipated in the medium, suc
strong dependence does not exist and values ofRMAX

E even
larger than the beam radii of the pumps are allowed@22#.

To illustrate the saturation of the droplet radius towa
RMAX

E , and thus the appearance of a saturation regime a
late stage of the transition, we can compute the dro
growth behavior from Eqs.~11! and~13!. Figure 5 illustrates
the predicted variation for both couplings. Integration w
done considering the initial conditionR(tC

E5(RC
E)3/D2j2)

5RC
E1j2/2, wheretC

E is the relaxation time associated wi
the critical radiusRC

E at the beginning of the quench an
j2/2 corresponds to an uncertainty on the activation bar
of nucleation of the order ofkBT @26#; note thattC5tC

E when
nucleation is homogeneous@26#, i.e., when driven by the
correlation length of density fluctuations.

Those curves are very important from the experimen
point of view. Indeed, by definition, the reflectivity of a
induced grating disappears as soon asR(t)>L0/2. Then, as
already mentioned in experimental investigations using th
mal quenching@8#, to obtain a good signal/noise ratio i
presence of a nonlocal coupling, the experiment has to

FIG. 4. Set of radii corresponding to a zeroth growth rate ver
the optical quench depth at the center of the fringe pattern for b
electrostrictive and thermodiffusive processes. The left~respec-
tively right! part illustrates the behavior of the critical radiusRC

E

~respectively maximum radiusRMAX
E ! allowed by the different

length scales of the intensity distribution; electrostriction is sen
tive to the fringe spacing while thermodiffusion is monitored by t
beam waist of the pumps. For a comparison, the variation fo
classical uniform quench inside an infinite medium is also plott
The arrows indicate the evolution of the droplet radius in the d
ferent regions separated bydR/dt50.
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stopped well before saturation of the droplet growth; reme
ber that in this case the growth is essentially driven by
pump beams~q̄50 mode! instead of the fringe modulation
This procedure is always difficult to optimize because
many parameters can monitor a phase transition and tr
portation of an experimental scheme~calibration, etc.! from
one sample to another is usually irrelevant. On the ot
hand, for a local coupling, such an external control is n
necessary because the droplet growth is totally driven by
fringes. The growth increases progressively the grating
flectivity, which reaches a steady value at the end of the lo
phase transition whenR(t→`) reaches the stable valu
RMAX

E , tailored by the fringe spacing. The induced pha
transition never blurs the grating reflectivity. Moreove
since droplets are self-calibrated by the fringes at the en
the local transition, the intrinsic droplet polydispersity a
pearing in classical phase transition totally disappears h
This aspect is very important for applications because it a
increases the signal/noise ratio. These expectations are
trated in the experimental section.

C. Reflectivity of a grating constituted by growing droplets

The reflectivity of the induced droplet grating~ratio of the
diffracted to the incident probe beam intensities! is by defi-
nition @27#

R~z,t !5
uEW R~z,t !u2

uEW P~z50,t !u2
. ~15!

The probe and the reflected waves, respectivelyEW P andEW R ,
are determined using the nonlinear propagation equatio
the medium

s
th

i-

a
.

-

FIG. 5. Predicted droplet growth for a typical experimen
quench depth~see experimental section! sufficient to drive a phase
transition in both electrostrictive and thermodiffusive cases. T
fringe spacing induces finite size effects on the electrostric
growth while thermodiffusion is totally monitored by the extensi
of the pumps and does not feel the fringe pattern.
4-7
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¹W 2EW 2
«M

c2

]2EW

]t2 5
1

c2

]2

]t2 ~«EEW !, ~16!

whereEW represents the superposition of the four waves
teracting in the medium~the two pump beamsEW 1 and EW 2 ,
EW P and EW R! and «E corresponds to the modulation of th
dielectric constant resulting from the induced droplet grati
By choosingq0a0>10, Eq. ~16! can be solved for plane
waves in the slowly variable amplitude approximation; o
finds for «E!«M @15#:

R~z,t !5S 2pz

A«Ml0
D 2

@«E~ t !#2. ~17!

Equation~17! shows that the time dependence of the refl
tivity is directly related to the modification of the dielectr
constant induced by the field in the medium. This variation
generated by the increase in droplet volume concentra
wD

E(t) on the fringes resulting from the fringe trapping a
the growth. Since in usual experiments nucleation is hete
geneous even in the bulk@28#, i.e., nucleation is essentiall
driven by the unavoidable impurities present in the mixtu
most of the droplets are nucleated on a finite number of se
at the same mean nucleation timetC . Thus tC,tC

E and
wC

E(t<tC)50. Moreover, for low quench depths,wD
E(t) can

be considered small enough to make a first-order deve
ment of the nonlinear dielectric constant modulation as

«E~ t.tC!'S ]«

]wD
D

T

wD
E~ t !. ~18!

The time dependent reflectivity becomes

R~z,t.tC!5F 2pz

A«Ml0
S ]«

]wD
D

T
G 2

~wD
E~ t !!2. ~19!

From the optical point of view, as soon ast.tC , the
medium can be assimilated to a dielectric assembly of v
small droplets of volume concentrationFm suspended in a
continuous phase of volume concentrationFM . For such a
microscopic suspension, a continuous thermodynamic
scription has already been experimentally validated@29#.
ThuswD

E(t) can be described by a diffusion equation, ana
gous to Eq.~1a!, in which the only field contribution is the
electrostrictive manipulation of the nucleated droplets by
fringe pattern.

Then, if @0,t1# corresponds to the illumination time inte
val of both pump beams, the droplet grating formation
the excited Fourier componentq0Þ0 is described by

R~ tC,t,t1!}@wD
E~ t !#2, ~20a!

]wD
E

]t
52DD~ t !q0

2@wD
E~ t !1AR~ t !3#, ~20b!
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]t
given by Eq. ~11! for electrostriction,

]R

]t
given by Eq.~14! for thermodiffusion, ~20c!

whereDD(t)5kBT0/6phR(t) is the mass diffusion coeffi-
cient of a growing droplet of mean radiusR(t). AR(t)3 is
proportional to the droplet polarizability. To solve the
equations, we use the following initial conditions:wD

E(t
5tC)50 andRC(t5tC)5RC1j2/2. Finally, observation of
a reflectivity induced by a droplet grating needsR<L0/2.
Then R(t)!a0 for q0a0>10, and the nonlocal growth rat
reduces to the familiar behavior of an isolated droplet; fin
size effects induced by the pumps are totally negligible
this stage and Eq.~13! reduces to Eq.~14!.

Since for classical liquid mixtures the induced phase tr
sition is reversible, i.e., initial homogeneous thermodynam
state is recovered when pumping is stopped, they are par
larly suitable for a conceptual investigation of holograph
grating generation. Indeed, we can easily increase the sig
noise ratio by accumulation. Even if such a property clea
needs to be avoided for practical applications, this reversi
ity is of particular importance towards a better understand
of the involved processes, because it increases the ex
mental value and allows a much better comparison betw
experiments and theory. So, let’s assume that one pu
beam is stopped by a chopper att5t1 . As a consequence
optical fringes disappear and the grating relaxes. Moreove
reverse quench@30#, still within the two-phase region, is in
duced in the medium. Then, the growth momentarily slo
down and we can assume that the droplet radius has
enough time to change noticeably during the grating rel
ation. Since the droplet fringe trapping disappears,wD

E(t
.t1) is simply described by

]wD
E

]t
~ t.t1!52DD~ t !q0

2wD
E~ t !. ~21!

Therefore, during the grating relaxation the reflectivity b
haves as

R~ t.t1!}expS 2
t2t1

tR
D , ~22!

wheretR51/2DD(t5t1)q0
2}L0

2R(t5t1) is the characteristic
relaxation time. As a consequence, the analysis of the re
tivity during the relaxation of the induced grating allows
direct measurement of the mean droplet radius att5t1 which
can be compared independently to the growth law obtai
from the grating formation. This two-step procedure is ve
powerful because one can continuously check the value o
experiment by the coherence between formation and re
ation of the induced grating. Before comparing these p
dicted behaviors with experimental observations, the n
section briefly discusses the important case of a ther
quench driven by the wave. As already observed experim
4-8
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tally @31#, this process, weak in our mixtures, can dominat
the medium absorption at the wavelength used beco
large.

D. Nonlocal growth rate in presence of thermal quenching

As mentioned before, mixtures are often characterized
at least a small absorption of the wave at the used wa
length. We already show that the resulting nonlocal ov
heating is almost unaffected by the modulation of the frin
pattern: it corresponds toTE

q̄50 given by Eq.~7a!. As illus-
trated in Fig. 6, this field-variation of the temperature c
also quench a liquid mixture if its phase diagram presents
inverted coexistence curve with a low critical point. To u
all the incident beam power for the quenching, let us assu
again that the initial conditions (T0 ,F0) are located on the
coexistence curve. Then, by taking into accou
the expression of the coexistence curveuFm2FMu
5(DF)0u12T/TCub @where b50.325 for Ising ~d53, n
51! fluids#, the thermal quench depthuFT

q̄50(x)/(Fm

2FM)u, close to the center of the interference pattern
given by @19#

UFT
q̄50~x!

FM2Fm
U5 1

2 F12S 12
TE

q̄50~x!

T01TE
q̄50~x!2TC

D bG
'

b

2

TE
q̄50~x!

~T02TC!
~23!

for weak thermal quenches (TE
q̄50(x)!T02TC). To illus-

trate this supersaturation in Fig. 6, we have arbitrarily tak
F0 on the right-hand half of the coexistence curve~i.e., F0
.FC!. In fact, experimentallyF0 has to be chosen on th
half which provides a refractive index of the droplets~i.e., of
the phaseFm! larger than that of the surrounding phase~i.e.,
of the phaseFM! in order to ensure their optical trapping
illuminated areas.

FIG. 6. Schematic phase diagram of a binary liquid mixture w
an inverted coexistence curve.F is the volume concentration in
solute andT is the temperature.FC andTC are the coordinates o
the critical point andF0 andT0 characterize the medium before th
application of a laser wave.FT represents the supersaturation
the optical axis induced by a laser-driven thermal quench,TE , re-
sulting from the absorption of the wave by the medium.Fm and
FM are the coexisting compositions at temperatureT01TE .
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To get the resulting droplet growth rate, note that conc
tually this thermally driven quench is totally analogous
that obtained for a thermodiffusive process, since in the la
case the variation in composition is proportional to the ov
heating induced by the pumps; both processes have the s
origin. Thus the growth is nonlocal and its rate is simp
obtained by replacingF th

q̄50(x) by FT
q̄50(x) in Eq. ~13!. We

get

dR

dt
5

D2

R S R

zE
D K1~R/zE!

K0~R/zE!

3H U ~FT
q̄50!0

Fm2FM
U 1

ln~gacl
2 /a0

2! F2E1S R2

a0
2 D 2 lnS R2

acl
2 D

12S zE

R D K0~R/zE!

K1~R/zE! S expS 2
R2

a0
2 D 21D G2

d0

R J ,

~24!

where

~FT
q̄50!05FT

q̄50~x50!5
b

2

aaP

4pL th
lnS g

acl
2

a0
2 D 1

T02TC

is the optical quench in temperature on the axis of the in
ference pattern. As a consequence, the properties of the d
let growth rate and droplet growth law are in scaled un
identical for thermal and thermodiffusive quenches. Figu
4 and 5 depict the expected behaviors if (F th)0 is replaced by
(FT)0 ; the droplet grating reflectivity is also similar.

III. CHOSEN MEDIA

To experimentally investigate holographic grating form
tion resulting from laser-driven phase separation, we cho
micellar phases of microemulsion as test media. We use q
ternary components mixtures of water, oil, surfactant~soap!,
and cosurfactant~alcohol!. Owing to the supramolecular siz
of the micelles and their in time organization, both electro
trictive and thermodiffusive processes can lead to siza
concentration variations in low power beams@15,27#. More-
over, the absorption of those mixtures in the visible wav
length window is often weak, leading to a small fiel
generated overheating. Thermal secondary effects, like b
convection, thermocapillarity, or photophoresis, are th
negligible and do not disturb the diffusive nature of the co
position variations induced by the wave. On the other ha
those mixtures feature critical behaviors; and close to
liquid–liquid critical point, microemulsions generally belon
to the universality class~d53, n51! of the Ising model. As
a consequence, such media are particularly interesting to
vestigate droplet grating formations generated by las
induced phase separation because~i! criticality enhances
field couplings and~ii ! the correlation length of density fluc
tuations inside the coexistence curvej2 is intrinsical-
ly large and diverges close to a critical point~i.e., j2

5j0
2u(T02TC)/TCu2n with n50.63!. Two different mix-
4-9
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tures are used for the experimental investigation; their ch
acteristics@15,22# are listed in Table I.

A. Nonlocal thermodiffusive phase transitions

To analyze phase transitions induced by a nonlocal c
pling, here thermodiffusion, the selected system has the
lowing mass composition: ultra pure water 5%,n-dodecane
78% andn-pentanol 12.2% of spectroscopic quality, a
crystallized sodium dodecyl sulfate 4.8%. Located in the
rich part of the phase diagram@32#, it features a water-in-oil
micellar phase at room temperature which can be consid
from the optical point of view as a set of nanometric diele
tric spheres~'20 Å in radius atT0520 °C! suspended in an
oil continuum. The chosen composition features a low cr
cal temperatureTC532 °C above, which the mixture phas
separates into two micellar phases of different micellar c
centration; Fig. 1 is a schematic of the phase diagram of
mixture.

In this particular system, we have previously shown t
electrostriction is negligible@16# because the optical polariz
ability of the micelles is extremely small due to the we
refractive index contrast between micelles and the surrou
ing oil ~n-dodecane!. The interaction between the wave an
the micellar phase is mainly controlled by thermodiffusio
FE(q,t)'F th(q,t). SincekT is positive, thermodiffusion re-
sults in a local decrease of the micellar concentration ins
the high field-intensity regions~i.e.,F th(q,t),0!. Moreover,
owing to the diverging behavior of the Soret constantkT ~i.e.,
kT5kT

0@(T02TC)/TC#2n with n50.63! in the vicinity of the
critical point, largekT values can be achieved. Therefor
despite the very small optical absorption,aa55.581024

cm21 at l05514 mm, sizable concentration variations c
be observed.

As depicted in Fig. 1, all the injected beam power is us
for the quench in composition forT0.TC . This optical
quenching results in the nucleation of droplets constituted

TABLE I. Data used for evaluations of the different optic
processes in the two mixtures tested in experiments; (]A«M/]F)T

is estimated from the Clausius-Mossotti relation andKT
0 takes into

account the first-order correction inF0 of the viriel expansion.

Quaternary component
mixture

Water/dodecane/
pentanol/SDS

Water/toluene/
butanol/SDS

%0 ~kg/m3! 780 870
%S ~kg/m3! 983 983
Fsample(T0,TC) 11% 13%
j0

2 ~nm! 1.1 2.0
h ~Pa.s! 3.41 1023 1.93 1023

L th ~W/cm/K! 1.45 1023 1.28 1023

aa ~m21! 5.58 1022 1.92 1022

A«M 1.41 1.48

(]A«M/]F)T 22.62 1022 21.25 1021

kT
0 3.0 0.4

KT
0 ~m3/J! 3.08 1024 1.77 1023

(DF)0 1.47 1.60
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the minority phaseFm . Moreover, since the refractive inde
of the micelles is slightly smaller than that of the oil, th
refractive index ofFm , and thus of the droplets, is large
than that of the surrounding majority phaseFM . As a con-
sequence, these nucleated domains are drawn transversa
the high intensity regions by the electrostrictive forces a
grow in the quenched area.

To give an order of magnitude of the different couplin
involved in this mixture, let us consider a set of experime
described below. AtT02TC50.8 K, for a total beam powe
P51.2 W ~i.e., 600 mW per pump beam!, a beam waista0
532mm and a fringe spacingL053.5mm, one finds the
following stationary quench depths at the center of the in
ference pattern:F th

q̄50(x50,t5`)/(Fm2FM)50.24 corre-
sponding to a temperature increaseTE

q̄50(x50)50.19 K,
and F th

q5q0(x50,t5`)/(Fm2FM)56.1025 corresponding

to TE
q5q0(x50)54.1025 K. On the other hand, the electros

trictive and the thermal quench contributions are, resp
tively, Fel(x50,t5`)/(Fm2FM)53.1023 and FT

q̄50(x
50)/(Fm2FM)53.1022. As expected, these evaluation
show that the phase transition is almost completely driven
thermodiffusion ~electrostrictive and heating contribution
are at least ten time smaller!, and thus by the Gaussian sha
of the pump waves~the fringe contribution is totally negli-
gible!.

B. Local electrostrictive phase transitions

To investigate phase transitions induced by a local c
pling, here electrostriction, the selected system has the
lowing mass composition: ultra pure water 8.5%, tolue
71.4% andn-butanol 16.2% of spectroscopic quality, an
crystallized sodium dodecyl sulfate 3.9%. Also located in
oil-rich part of the phase diagram@33#, it also features a
water-in-oil micellar phase at room temperature~'40 Å in
micelle radius atT0520 °C!. The chosen composition fea
tures a low critical temperatureTC531 °C above which the
mixture phase-separates into two micellar phases of diffe
micellar concentration; its phase diagram is analogous to
T0.TC part of that presented in Fig. 1.

In this system, it has been previously shown that electr
triction and thermodiffusion are both efficient@33#. How-
ever, as stated above, the characteristic time scale assoc
to concentration variations driven by a Fourier modeq is
given by t51/(D2q2). Then, sinceq'1/a0 for thermodif-
fusion @see Eq.~7b!# andq5q052p/L0 for electrostriction
@see Eq.~8!#, the phase transition is, in fact, complete
driven by electrostriction on the fringes. For a ratioq0a0
>10, the time scale for the electrostrictive variation in co
position is one hundred times smaller than that driven
thermodiffusion. Due to this huge difference, we can assu
that electrostriction drives totally the transition because fin
size effects induced by the fringes on droplet growth a
appear well before thermodiffusion is able to quench
mixture. Then FE(q,t)'Fel(q,t). Since (]A«M/]F)T
,0 electrostriction also results in a local decrease in mic
lar concentration inside the high field-intensity regions~i.e.,
Fel(q,t),0!. Moreover, owing to the diverging behavior o
4-10
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the osmotic compressibility KT ~i.e., KT5KT
0@(T0

2TC)/TC#2g with g51.24! in the vicinity of the critical
point, largeKT values can be achieved and sizable conc
tration variations are observed at low beam powers.

As in the ‘‘thermodiffusive microemulsion,’’ forT0

.TC , all the injected beam power is used for the quench
composition and this dipolar quenching results in the nuc
ation of droplets constituted by the minority phaseFm .
Moreover, the nucleated domains are automatically trap
transversally in the high intensity regions by the electrost
tive forces and grow in the illuminated area.

An order of magnitude of the different couplings involve
in this mixture can also be estimated using the experime
conditions of a second set of experiments analyzed below
T02TC50.5 K, for a total beam powerP5600 mW ~i.e.,
300 mW per pump beam!, a beam waista0523mm, and a
fringe spacingL053.5mm, one finds the following station
ary quench depth at the center of the interference patt
Fel(x50,t5`)/(Fm2FM)50.26 which corresponds to th
sum of the excitation by theq̄50 andq5q0 modes, each
mode contributing to one half of the supersaturation@remem-
ber that I (q)}2d(q)1d(q1q0)1d(q2q0) for plane
waves#. Thus the electrostrictive supersaturation associa
to the q5q0 mode is Fel

q5q0(x50,t5`)/(Fm2FM)
50.13. Moreover, the thermodiffusive contributions a
F th

q̄50(x50,t5`)/(Fm2FM)50.01 corresponding to a
temperature increaseTE

q̄50(x50)54.1022 K and F th
q5q0(x

50,t5`)/(Fm2FM)56.1026 corresponding toTE
q5q0(x

50)52.1025 K. Finally, the amplitude of the supersatur
tion induced by the laser heating isFT

q̄50(x50)/(Fm

2FM)50.01. We can conclude that the phase transition
almost completely driven by electrostriction in this seco
micellar phase of microemulsion. Moreover, for a dipo
coupling, the diffusion time scales of theq̄50 and q5q0

modes@34# are, respectively, given bya0
2/4D25130 s and

1/D2q0
250.3 s. This important difference resulting from th

associated diffusion length scales, respectively,a0 and L0 ,
clearly illustrates the fact that the fringe contributionq5q0
will trig much faster the phase transition than theq̄50
mode, even if stationary amplitudes of supersaturations
identical for both modes. As a consequence,RMAX

E induced
by the intensity modulation is reached well before the ti
scalea0

2/4D2, and we can assume that the induced ph
transition is completely dominated by the fringes.

IV. EXPERIMENTAL SETUP AND PROCEDURE

To analyze the reflectivity of the resulting droplet gra
ings, we use a four-wave mixing experiment, in which t
phase transition is induced by two interfering pump bea
and probed in Bragg conditions by a third beam at the sa
optical wavelength. The experimental setup is presente
Fig. 7. The liquid mixture is contained in a fused quartz c
~1 cm wide, 2 mm thick! thermally controlled by a wate
circulation regulated at better than 0.05 K. To generate
fringe pattern, the linear polarization of a c.w. TEM00 Ar1

laser wave is adjusted by al/2 plate to be split into two
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perpendicularly polarized beams of same intensity~the pump
beams! by a Wollaston prism. An afocal system, compos
of two lensesL1 andL2 , recombines the pump beams in th
cell with a definite angleu and focuses these two beams
their intersection by imaging the beam waist generated
the lensL0 on the Wollaston prism.u and the beam waista0
at beam intersection can, respectively, be adjusted by ch
ing the set (L1 ,L2) andL0 . A secondl/2 plate is placed on
one beam to obtain pump waves of same polarization
make them interfere in the cell; the polarization is chosen
as to be in thex direction to induce repulsive dipole–dipol
interactions between droplets trapped on the same fringe
to prevent as much as possible droplet coalesce
The fringe spacing is given byL052p/q05l0 /
@2A«M sin(u/2)#, where l05514 nm is the optical wave
length in vacuum. The ratio between the pump beam dia
eters and the fringe spacing is always chosen to be la
than ten to obtain an efficient grating reflectivity and to fulfi
the plane wave approximation used for the determination
this reflectivity. After propagation in the cell, one of the tw
pump beams is attenuated and retroreflected back thro
the sample by a mirror to play the role of the probe wa
The lensL3 focuses the attenuated pump wave on the mir
to yield a probe beam extension in the cell identical to tha

FIG. 7. Experimental setup.↑ and ^ mimic the beam polariza-
tions.
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the pump waves. The probe beam polarization is rotated
an angle of 90° by means of the double travel through al/4
plate. Then, the wave reflected by the droplet grating ha
polarization perpendicular to that of the pumps and can e
ily be extracted with a Glan prism. It is detected by means
a photon counter and accumulated with a multichannel a
lyzer.

A three-step experimental procedure is implemented
observe the grating formation induced by the transition.~i!
At t50, the two pump beams start to quench simultaneou
the mixture. Att5tC , droplets of the minority phaseFm are
nucleated and trapped on the intensity maxima of the fri
pattern. A droplet grating is then generated. The grating
mation and the domain growth make the reflectivity to
crease. We deduce the mean droplet radius behaviorR(t) by
fitting the reflectivity with Eqs.~20a!–~20c! and adjusting
the nucleation time and the corresponding quench dept
the center of the interference pattern. In fact, to increase
accuracy of the measurements, several reflectivities, obta
for different increasing illumination timest1 , are used for
the fitting procedure.~i! At t5t1 , the pump wave that is als
not used as a probe wave, is stopped by a chopper, an
droplet grating relaxes. The decrease in reflectivity descri
by Eq.~21! allows a measurement ofR(t1). ~ii ! At t5t2 , the
second pump wave is stopped by a second chopper un
time t3 ~typically t32t2'5t1! to ensure a thermodynami
relaxation of the system before starting a new accumula
on the multichannel analyzer.

FIG. 8. Reflectivity of the probe beam induced by the format
and the relaxation of a thermodiffusive droplet grating when rel
ation occurs at~a! t1512 s, ~b! t1515 s, ~c! t1518 s, and~d! t1

560 s. The fits~empty circles! are performed according to Eqs
~20! and ~22!.
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V. EXPERIMENTAL RESULTS

A. Reflectivity induced by a nonlocal phase transition

To illustrate the above procedure, a typical experim
where the phase transition is dominated by a thermodiffus
process is presented in Fig. 8. The experiment is perform
for four different illumination durations in the same cond
tions ~P51.2 W, a0532 mm, L053.5mm, and T02TC
50.8 K). From the three first grating relaxations we dedu
the mean droplet radii att1 . We find R(t1512 s!
50.50 mm, R(t1515 s! 50.60 mm and R(t1518 s!
50.65 mm. Besides, the grating formation of those thr
runs are fitted together with the same parameters.
obtain tC55.560.3 s and a mean initial supersaturatio
FE(x50,t5tC)/(Fm2FM)50.02660.003, which corre-
sponds to a mean critical radiusRC50.2660.03mm; errors
are dR/R'dRC /RC<10%, dtC /tC<5%, and dFE /FE
<10% @28#. The resulting droplet growthR(t) is repre-
sented in Fig. 9. Figure 9 also shows that the droplet ra
measured from the grating relaxations are in good agreem
with the growth law deduced independently from grating fo
mations.

On the other hand, Fig. 8 illustrates the behavior of
reflectivity for an illumination timet1560 s. After reaching
a maximum, the amplitude of the reflectivity starts decre
ing continuously fromt'22 s. According to Fig. 9, this cor
responds to a mean droplet radius of 0.9mm, close toL0/4
for which the efficiency of the induced grating is the large
Then, as expected for a grating driven by thermodiffusi
the droplet growth does not saturate in presence of fring
Finally, we can observe that the measured value ofFE(x
50,t5tC)/(Fm2FM) needed to initiate nucleation is muc
smaller than the final thermodiffusive supersaturat
F th

q̄50(x50,t5`)/(Fm2FM)50.24. This proves that the
phase separation is induced before the steady state quen
concentration is reached, as it could be expected. Since
characteristic time scale of a thermodiffusive quench in co

-

FIG. 9. Droplet growth law~empty circles! deduced from the fit
of the grating formations of Fig. 8. The filled circles are the radii
t1 deduced from the grating relaxations. The dashed line shows
continuation of the growth which was not measured.
4-12
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position is given bya0
2/D2 @34#, we also conclude that i

nucleation was homogeneous, the time needed to re
F th

q̄50(x50,t5tC)/(Fm2FM)50.026 measured in the ex
periment would be of the order of 75 s. As already dem
strated by a different reasoning@28#, this numerical applica-
tion illustrates again that nucleation is essentia
heterogeneous in mixtures, and explains why the fit of
grating formations are in agreement with the hypothesis
a majority of droplets are nucleated at the same mean
tC . The unavoidable seeds present in the bulk decrease
nucleation barrier and thus accelerate the decay of a m
stable state compared to a homogeneous nucleation pic

According to Eqs.~7a! and ~7b!, two optical parameters
can be varied to analyze the influence of the dynamics of
quench in concentration on grating formation: the to
powerP injected in the medium and the beam waista0 of the
pump waves at intersection. The behaviors inP anda0 have
already been described when analyzing the early stage k
ics of the induced transition@34#. However, even ifL0 is not
pertinent for a nonlocal quench, it strongly influences
largest observable reflectivity. To illustrate this aspect, F
10 shows two experiments realized in the same condition
those used in Figs. 8 and 9 but for another beam waista0
523mm) and for two different fringe spacings,L0

FIG. 10. Reflectivity of the probe beam induced by the form
tion and the relaxation of a thermodiffusive droplet grating for d
ferent fringe spacings. ForL053.5mm ~respectivelyL052.5mm!
relaxation occurs att1515 s andt1560 s ~respectivelyt1522 s!.
The fits ~empty circles! are performed according to Eqs.~20! and
~22!. Inset: droplet growth law~empty circles! deduced from the
grating formation forL053.5mm andt1515 s. The filled circle is
the radius deduced from the grating relaxation att1515 s and the
dashed line shows the continuation of the growth which was
measured.
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52.5mm andL053.5mm. To obtain the droplet growth law
for a0523mm, a first run atL053.5mm investigates the
droplet grating before saturation att1515 s. From the grat-
ing formation we gettC54.560.2 s and a mean initial su
persaturation FE(x50,t5tC)/(Fm2FM)50.02960.003
which corresponds to a mean critical radiusRC50.27
60.03mm; from the relaxation, we findR(t1515 s)
50.62mm. Then the experiment is realized twice abo
saturation forL053.5mm andL052.5mm; the chosen il-
lumination times are, respectively,t1560 s andt1522 s. For
L053.5mm ~resp. L052.5mm! the reflectivity reaches a
maximum att'20 s ~resp.t'15 s! which, according to the
inset of Fig. 10, corresponds to a mean droplet radius of
order of 0.9mm ~resp. 0.65mm!, close toL0/4. Then, the
reflectivity decreases continuously.

As a consequence, when driven by a nonlocal process
temporal behavior of the reflectivity is characterized by
sharp slope, as long as the size of the growing drople
small compared to the fringe spacing. Then, the slo
reaches a maximum (R(t)'L0/4), reverses irreversibly
(R(t).L0/4), and the reflectivity vanishes because drop
size larger thanL0 are allowed by the kinetics of the induce
phase transition, but evidently blur the periodicity of the i
duced structure.

B. Reflectivity induced by a local phase transition

Using the same experimental procedure as that descr
above, a typical experiment where the phase transition

FIG. 11. Reflectivity of the probe beam induced by the form
tion and the relaxation of an electrostrictive droplet grating wh
relaxation occurs at~a! t1535 s, ~b! t1545 s, ~c! t1565 s, and~d!
t15150 s. The fits~empty circles! are performed according to Eqs
~20! and ~22!.
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dominated by an electrostrictive process is presented in
11. The experiment is performed for four different illumin
tion durations in the same conditions (P50.6 W, a0
523mm, L053.5mm andT02TC50.5 K!. From the grat-
ing relaxations we deduce the mean droplet radii for th
four values of t1 . We find R(t535 s! 50.38 mm, R(t1
545 s! 50.44mm, R(t1565 s! 50.50mm, andR(t15150
s! 50.52 mm. Besides, the grating formation of those fo
runs are fitted together with the same parameters. We ob
tC'0.5 s and a mean initial supersaturationFE(x50,t
5tC)/(Fm2FM)50.1060.01, which corresponds to
mean critical radiusRC50.2360.02mm. As expected, the
small value oftC shows that the phase transition is tota
driven by the characteristic time scale of mass diffusion
the fringes 1/D2q0

250.3 s. The resulting droplet growt
R(t) and the set of droplet radii measured from the grat
relaxations are represented in Fig. 12; a good agreeme
observed.

On the other hand, the expected saturation calcula
from Eq. ~11! is RMAX

E 50.47mm, close to the saturation
observed experimentally att1565 s andt15150 s. Then, de-
spite the decrease in efficiency~due to an increase in scatte
ing of the pumps, induced by the droplet growth, and thus
a decrease in intensity of the probe in our experimen
setup! observed fort15150 s, this experiment clearly show
that droplet growth driven by electrostriction is totally mon
tored by the fringes. The reflectivity reaches a station
value linked to the saturation of the droplet growth toRMAX

E .
This behavior, also illustrated in Fig. 13 for a different i
jected beam power, contrasts with that observed in prese
of a nonlocal coupling, and allows a clear distinction b
tween both processes. Finally, we can observe that the m
sured value ofFE(x50,t5tC)/(Fm2FM) needed to ini-
tiate nucleation is in agreement with the calculated fi
electrostrictive supersaturation induced by the fring
Fel

q̄50(x50,t5`)/(Fm2FM)50.13. This point confirms

FIG. 12. Droplet growth law~empty circles! deduced from the
fit of the grating formations of Fig. 11. The filled circles are t
radii at t1 deduced from the grating relaxations. The dashed
shows the continuation of the growth which was not measured f
the grating formation.
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the local character of electrostriction; the smallness of
characteristic time scale of diffusion on the fringes leads
the fact that the quench in composition is almost station
before the phase separation occurs.

We have also analyzed the beam power influence on
grating formation for three different beam powers:P
50.45, 0.9, and 1.2 W. The experiment is illustrated in F
14. Saturation of the reflectivity appears respectively
tMAX 555, 32, and 27 s. As expected, the duration of
droplet growth decreases for increasing beam powers.
cording to the model, a first-order development inR–RMAX

E

of the electrostrictive droplet growth rate equation sho
that the characteristic time scaletMAX needed to reachRMAX

E

behaves as (Fm2FM)/FE(x50,t5tC) for deep quenches
At constant beam-waist, this means thattMAX`1/P for an
electrostrictive coupling. As illustrated in the inset of Fi
14, we recover the expected behavior, but with a sligh
different power law~tMAX}P20.74 is measured instead o
tMAX}P21!. The discrepancy could be explained by the fa
that the induced supersaturations are not sufficiently dee
totally eliminate the dependence ofRMAX

E on the quench
depth.

e
m

FIG. 13. Reflectivity of the probe beam induced by the form
tion and the relaxation of an electrostrictive droplet grating wh
relaxation occurs at~a! t1535 s and~b! t15150 s. The fits~empty
circles! are performed according to Eqs.~20! and ~22!; the grating
formation leads totC'0.5 s and a mean initial supersaturatio
FE(x50,t5tC)/(Fm2FM)50.1260.01 which corresponds to a
mean critical radiusRC50.1960.02mm. Inset: droplet growth law
~empty circles! deduced from the grating formation whent1

535 s. The filled circles are the radii deduced from the grat
relaxations @R(t1535 s)50.39mm, R(t15150 s)50.50mm# and
the dashed line shows the continuation of the growth which was
measured from the grating formation. Note thatR(t15150 s) is
close to the expected saturationRMAX

E 50.53mm.
4-14



s
ed
u

at
ifi
ct
ic
ion
e

s
le
re
n

on
h
en
en
tin
e
n

ne
re
ti
e
in

by
ou-
ted
that
m-
n
To
the

th
ou-
s a

th
ng
her
the
ni-
m,

on-
me
er-
tita-
our

ica-
een
ther
iated

ly
er

ch-

nt

ing

-
ed
our
the

m-
r-
and
eir
tter

ni-

is-
lan-
as

a
if
th

te

PERFORMANCES OF HOLOGRAPHIC GRATINGS . . . PHYSICAL REVIEW E 63 041504
VI. CONCLUSION

In the present paper, we have investigated the kinetic
holographic grating formation resulting from laser-induc
phase separation. This study was undertaken in view of
derstanding the influence of locality~or nonlocality! of the
excitation process on the formation of bulk holographic gr
ings, and also because of its important technologic sign
cance in material science, particularly in patterning diffra
ing elements. Preliminary results needed a theoret
background in order to understand the different observat
and to investigate the potentialities of the processes involv
To achieve this goal, we used interfering c.w. laser wave
quench binary liquid mixtures and to optically trap the nuc
ated domains in the high intensity regions. Essentially, th
different couplings can induce transition: electrostrictio
thermodiffusion, and laser heating. As photopolymerizati
electrostriction belongs to the family of local processes. T
means that the medium is excited by the Fourier compon
of the field distribution. On the other hand, as in the solv
evaporation technique, thermodiffusion and laser hea
have a dissipative origin due to light absorption. Then, th
do not follow exactly the electromagnetic field distributio
and the resulting nonlocal response of the medium has
important contribution around theq50 Fourier mode. As a
consequence, the morphology of holographic grating ge
ated by laser-induced phase transitions can be very diffe
depending on the excitation process. To analyze the kine
properties of the induced patterning, we started from the v
beginning of the optical excitation process by describ

FIG. 14. Reflectivity of the probe beam induced by the form
tion and the relaxation of an electrostrictive droplet grating for d
ferent injected beam powers. Arrows indicate the beginning of
saturation of the reflectivities. Inset: variation of the timetMAX

needed for saturation of the reflectivity as a function of the injec
beam power.
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theoretically the optical quenching mechanisms induced
two interfering pump beams, and we derived for each c
pling the growth rate of the fringe trapped droplets nuclea
during the induced phase transition. It clearly appears
the growth of droplets nucleated by a local coupling is co
pletely monitored by the fringes, while nonlocal excitatio
leads to a growth controlled by the size of the pumps.
probe these behaviors, we have experimentally analyzed
real time formation of the resulting droplet grating for bo
local and nonlocal excitations. In presence of a local c
pling, the reflectivity of the induced droplet grating reache
stationary value due to the saturation of the droplet grow
induced by the finite size of the fringe; the fringe spaci
self-calibrates the final size of the droplets. On the ot
hand, since a nonlocal process is mainly sensitive to
shape of the pumps, droplet growth is, in this case, mo
tored by the beam-waist. Then, after reaching a maximu
the reflectivity of an induced droplet grating decreases c
tinuously and vanishes when droplet diameters beco
larger than the fringe spacing. All the experiments are int
preted using our general model, and there is good quan
tive agreement. As a consequence, even if we develop
investigation in simple binary liquid mixtures~which clearly
cannot be considered as useful media in terms of appl
tions! to increase the accuracy of the comparison betw
theory and experiments, it can easily be extended to o
phase-separating mixtures because the behaviors assoc
to the locality or the nonlocality of the excitation are total
generic. For example, the kinetics of separation in polym
mixtures @35# and polymer dispersed liquid crystals@36#
starts to be reasonably well understood, and optical quen
ing by a fringe pattern involving nonlocal couplings~resp.
local excitations! like laser heating or laser-induced solve
evaporation ~resp. laser-induced dipoles! can easily be
treated from the thermodynamic point of view; laser heat
is studied briefly in this paper and solvent evaporation~resp.
laser-induced dipoles! behaves as thermodiffusion~resp.
electrostriction!. In fact, the main problem of such investiga
tion is to be able to describe the kinetics of the induc
transition in presence of the electromagnetic field, and
choice was motivated by the existence of such a theory in
Universality class~d51, n53! of the Ising model.

As a conclusion, the present work shows how the dyna
ics of holographic grating formation resulting from a lase
induced first order phase transition can be investigated,
explains the influence of the excitation mechanism on th
performances. It may serve as a first step towards a be
understanding of the origin of the resulting dynamic orga
zation and to predict its evolution.
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