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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 tokay, 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 gfshicause of its dissipative origin. By making
experiments in both cases, we show that thislependence 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.
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I. INTRODUCTION by temperature variations, now the transition is not directly
thermally-driven but results, in fact, from a quenching in
Organization of matter on a microscopic scale is of cru-composition induced by an increase in solute concentration
cial interest for successful developments in holographic datéhere the liquid crystal Finally, in polymerization-induced
storage and diffractive opti¢d]. If surface relief modulation ~Phase transition, the initial mixture is composed of mono-
effects are widely used in applicatiofi], an attractive al- Mers and liquid crystal, and the separation is generated by
ternative is the emergence of bulk composite materials, beRolymerizing the monomers. _
cause they exhibit many advantages such as combination of Although the basic principles of operation are rather
high diffraction efficiencies with both narrow band wave- SIMPI€, any particular application requires a carefully con-
length and angle selectivifig]. Among the variety of artifi- trolled and ta|lor(_ed adjustment of the properties of the mate-
cial media used for such holograrfghotopolymer$4], pho- rial. L!ndgrstgndmg the Qroplet growth and droplet pattern
torefractive crystal$5], ...), those resulting from a phase organization Is then crucial be(_:ause the perform_am_:es .Of the
transition are very appealing. Indeed, by quenching a liqui inal devices depend on the size, shape, and distribution of

. . A . these droplets. Due to the number of nonequilibrium pro-
mixture inside the miscibility gap, the system becomes in- P q P

insically inh d leati d h fcesses involved, the coupling between phase separation and
trinsically innomogeneous due to nucleation and growt 0ordering makes this problem in morphogenesis rich and chal-

droplets constituted by the minority phase in coexistenceignging. It also implies that control of these processes is a
Polymer-dispersed-liquid crystal®DLC) [6], i.e., materials gificult task, not only because the droplet growth needs to
composed of liquid crystal-rich droplets dispersed in ape tajlored but also because metastability is a key phenom-
polymer-rich matrix, are maybe the most well-known illus- enon of first-order phase transitions. Indeed, nucleation is
tration of such composites. The droplets are usually formegtnown to occur spatially at random and to be initiated irre-
via (i) temperature-induced7], (i) solvent evaporation- versibly by bursts due to the high sensitivity of the nucle-
induced[8], or (iii) polymerization-inducedi9] phase sepa- ation rate to even small thermodynamic fluctuatigas].
ration. In the first case, a homogeneous mixture of polymeMoreover, the intrinsic polydispersity of the droplet distribu-
and liquid crystal is prepared and the temperature is changeébn usually strongly decreases the signal/noise ratio of the
so that the two components are no longer miscible. On thexpected response of the induced heterogeneous material
other hand, even if solvent evaporation is usually monitored11].
There have been striking advances towards a better con-
trol of the material heterogeneity when Sutherlahal. [12]
*Electronic address: stephanie.buil@physique.uvsg.fr implemented a single step process in which the laser field
"Electronic address: delville@cribx1.u-bordeaux.fr distribution simultaneously induces the transition and orga-
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nizes the droplet patterning. In their experiment, a prepoly<al in nature. As for the solvent evaporation technique, ther-
mer syrup consisting of a mixture of liquid crystal, mono- modiffusive concentration variations do not follow exactly
mers, and photoinitiator was irradiated by two interferingthe electromagnetic field distribution because they are in-
pump beams. Liquid crystals droplets were formed withinduced by a heat flow, resulting here from light absorption.
the polymerized sample in a similar spatially periodic pattern By making the experiment with two interfering beams,
with a size that seemed to be monitored by the fringe spacdhe phase separation is driven by the fringe pattern and con-
ing. While this experiment is a beautiful illustration of a fined in the excited bulk area; rigid boundaries play no role.
local coupling(i.e., in direct correspondence to the field dis- Moreover, if the nucleated droplets are also optically trapped
tribution), in both thermal and evaporation methods this lo-Py the field gradient of these fringes, a droplet grating is
cality is lost because the origin of the quenching become§€nerated, whose properties and patterning will depend on
dissipative: it is indirectly driven by the field through the the excitation process. As a consequence, by making experi-
heat deposited by the wave in the medium. However, undefMents in simple binary fluids, it is easy to mimic observa-
standing of these various phenomena is still at an early stadiPnS made in much more complicated mixtures, with the
[13] because their theoretical description involves subtle?dvantage that a full theoretical description can be imple-
couplings between diffusion-driven kinetics effe¢ghase Mented and compared to experimental results. This was our
transition, phase separatjoand properly fashioned inhomo- ™Main motivation in investigating the dynamics of holo-
geneous electromagnetic field. grapm_c grating formation resulting from a first order phase
The present study is devoted to the analysis of these codransition. _
plings. We theoretically describe and experimentally explore  1his paper is organized as follows. In Sec. Il, we present
the kinetics of holographic grating formation resulting from f[he fundamgntal processes mvplved dyrmg an optical qgench
laser-induced phase separation. Experiments are realized irfa COMposition driven by two interfering pump beams in a
classical binary liquid mixture with a composition close to aPinary liquid mixture. We also describe the growth of the
liquid—liquid critical point. Even if the structure of such a droplets nucleated by the field in a fringe pattern and deduce
medium is more simple than that of mixtures usually considihe dynamic reflectivity of the resulting droplet grating.
ered in holographic recordingpolymer/liquid crystal mix- Sln_ce behaviors depend on the excitation process, the com-
ture, for instancg our choice was motivated by the hope of Parison between Ipcal and nonlocal co_upllngs is particularly
providing a simple and universal description of the involveddeveloped. The mixtures used to experimentally illustrate the
processes. Indeed, to fully understand the grating formatior£xPected droplet grating reflectivities are described in Sec.
a thermodynamic description of the kinetics of the induced!!- Without loss of generality, we choose near-critical micel-
transition is required. Such a theory exists for simple binarJa" Phases of microemulsions as test media to give an uni-
mixtures [14], which generally belong to the universality versal desquptlor(_assomated to crltlcallbyand to improve
class(d=3, n=1) of the Ising modeld is the space dimen- the comparison with m_ode($he mesoscopic natur_e qf these _
sion andn that of the order parameter, here the concentraSUSPeNsions strongly increases signal/noise ratio in experi-
tion. Moreover, from the experimental point of view, the useMeNts. Section 1V is devoted to the experimental setup. Ex-
of quasicritical fluids is particularly interesting becauge perimental results for'both Ioca}l and nonlocal _coupllngs are
close to a critical point laser couplings are generally hugéhen presen@ed and dlscussed in Sec. V. W'e finally conclude
and easy to obsenfd5]; and(ii) due to universality, results 1" S€c. VI with the opportunity offered by this work to open
obtained for a particular mixture are totally transportable to? 9eneral discussion on holographic gratings monitored by
any mixture belonging to the same Ising class. Our methodfSer-induced phase transitions.
uses interfering c.w. laser waves to quench binary liquid
mixtures in temperature and composition, and to optically Il. ELECTROSTRICTIVE VERSUS THERMODIFFUSIVE
trap the nucleated domains in the high intensity reg{d$. PHASE SEPARATION INDUCED BY TWO
Essentially, two different processes can lead to these variaiNTERFERING BEAMS IN BINARY LIQUID MIXTURES
tions in composition: electrostrictiofL7] and thermodiffu-
sion [18]. The former results from the coupling of the in-
duced dipole moment generated by the field on each particle Let us consider a binary liquid mixture far from the
of solute with the gradient of this field. As for photopoly- liquid-gas transition. Then, its thermodynamic properties can
merization, this is a local process. The latter takes into acbe described by the temperatdrethe volume concentration
count indirect thermal effect. Even off-resonance, a wave isn solute®, and the hydrostatic pressure. However, for mix-
usually slightly absorbed in the mixture due to a residualtures close to a liquid-liquid transition submitted to a low
absorption of the components. The resulting weak beampower c.w. laser radiation, global density fluctuations result-
centered temperature gradient can give rise to a small themg from a field-induced hydrostatic compression are negli-
mal contribution of the optical quench for low critical point gible compared to the field variations of concentration driven
mixtures[19]. For our mixtures, this contribution is negli- by osmotic compressibility. Then, we suppose in the follow-
gible. However, despite its weakness, the overheating caimg that the hydrostatic pressure remains constant, even dur-
induce large concentration gradients via a thermodiffusivang the application of a laser wave. L@ and T, denote the
process, particularly in the vicinity of a liquid—liquid critical values of® and T in the absence of electromagnetic wave
point where the Soret constant presents a diverging behavioand ®g and T¢ their field variations®g and T can easily
On contrary to dipolar couplings, thermodiffusion is nonlo-be evaluated at the first order, with respect to the in-

A. Governing equations for the induced transition
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tensity distributionl (f), by solving the field-modified heat Tk Kb
and mass transfer equatiof®0]. Since the thermal diffusiv- \ T >Tc /
ity xt is much larger than the solute diffusion constant O,

=KgTo/6mné~, where&™ is the correlation length of den- Tr- .li__/l

sity fluctuations inside the coexistence curve apds the - L Liquid-liquid

bulk viscosity, the small overheating can be assumed as al .0, B, =0, J* critical line

most instantaneous compared to the nucleation time scale v, o/
33Cl---------- 0.0 —=—9

Then, these equations become

dde - Qo kr -
——=D"| V2D + — — V?Tg(F
&t E Qs TO E( ) TC
SOKTCI)(2)<(98M =51 212, -
T e TV [E[*(F)], (18
31°C
ApV2Te(7) + a,l (7)=0, (1b)
q)sample E)

wherep,, 05, ay, andAy, are respectively the initial den-

sity, the solute density, the absorption coefficient at the . . .
A FIG. 1. Schematic phase diagram of our system as a function of
wavelength Lised’ and the thermal conductivityr) temperaturél, and volume concentration in solue ® ;e COr-
=1/220\eC|E[(F) is the field intensity, where is the responds to the chosen composition dhg denotes the critical
light velocity in vacuumg), ande, correspond respectively temperatured,, and®d,, are, respectively, the concentration of the
to the dielectric constant of the medium and to the dielectrianajority and the minority phases in coexistende. represents the
permittivity, and E(F) represents the slowly varying ampli- auench in composition induced by the field distribution from the
tude of the optical fieldi.e., its mean value over one optical initial point (®,,Ty). Insets: (@) situation for To<Tc (P
period. The second and the third terms of the rhs of Hg) 1 =~ Psampd; (b) situation forTe>Tc (Po=Py).
describe, respectively, the thermodiffusive variation of con-
centration driven by the wave-induced thermal gradients and Note that the nonlocality of thermodiffusion appears
the osmotic compression of the solute resulting from electhrough the 14? behavior ofTg(q); since®y,(q,t=) cor-
trostrictive forces generated by field gradients. Thermodiffufesponds to the exact image of the temperature distribution,
sion is characterized by the Soret constantvhile electros- it is not only proportional to the local field intensity but also
triction is proportional to the osmotic compressibilky; . depends on the thermal boundary conditions in the medium.
For a Fourier componet{q) of the intensity distribution, These concentration variations can be used to quench a
whereq#0 is the modulus of an excited spatial wave vectorbinary liquid located in composition in the vicinity of its
g, the time dependence of the field-induced variation in comcoexistence curve and to analyze the decay of the resulting
position is given by[21] metastable statgl6]. If ®¢(q,t)<0, as in our experiments,
the concentration in solute decreases in the high laser inten-
®e(q,t)=Pe(g,t=0)[1—exp—D g?)]. ) sity regions. Thus, in the low critical point mixtures de-
scribed below, the system can be quenched opticatByifs
Equation(2) shows thatrp=1/D ~g? represents the charac- located in the high concentration side of the phase diagram
teristic time scale of a quench in compositiahg(q,t=) close to the coexistence curve, as schematically illustrated in
=d(q,t=2)+dy(q,t=) is the sum of the steady-state Fig. 1. Note the generality of the mechanism since the

electrostrictive and thermodiffusive Fourier contributions,quenching procedure is symmetric for a mixture character-
respectively given by ized by®g(q,t)>0; &, has simply to be chosen close to the

low concentration side of the coexistence curve. As a result,

gk D3 08M> | at some field-dependent nucleation timgewhich should be
-

2

De(g,t=o0)= ey El*(a) (3)  defined (see below, droplets constituted by the minority
phase in coexistenc®,, are nucleated by the field in the
majority phaseb,, .
and To grow, the nucleated droplets must stay inside the
fringe pattern. In fact, this condition is automatically satis-
P y(Q,t=00)=— Qo ﬁTE(q), (43 fied for_an electrostrictive quen_ch. _Let us assu@j@(q,t)
2s To <0, which corresponds to the situation depicted in Fig. 1. In
_ this case, the volume concentration of soldig inside the
with nucleated domains is smaller than that of the surrounding
phased,, . But according to Eq(3), ®¢(q,t) <0 also means
that (9e, /9P)+<<0. Thus the nucleated droplets necessarly
have a refractive index larger than that®df, . As a conse-

a, 1(q)

Te(q :A_th @ (4b)
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guence, their optical polarizability is positive, and they are qa,/2
optically trapped in the high field intensity regions. This au- ) i  locak d local
tomatic trapping condition is not surprising for electrostric- ,_ FIG: 3. Fourier representation of locak{(q)) and nonloca
tion since the same dipolar mechanism is involved in thd™!(@)/d°) excitations induced by two interfering TEjiGaussian

. . . . ump waves fogga,=20; ay andq, are, respectively, the beam-
quench itself and in the optical trapping of the nUCIe"’V[eu\l/)vaist of the pump and the Fourier component associated with the

droplets[17]. For a quench in composition driven by ther- fringe spacing
modiffusion, the situation is not as clear because the sign of '
kr erends on the properties of the gntropy of mixing], in the medium(see Fig. 3. To increase the signal/noise ratio
which are not related to the refractive index contrast betwee experiments, we also choosga,=10. Then, the mass
P ant;j q)t’\"t'h Thu?_ I Ilst |mp(_333|ble to ?.onc_luctiﬁ. Ina ger:ert:?: diffusion time scale associated to the=0 mode is at least
}Nﬁy abou t: op 'C.at rapping zroaer 'e?h'n IS Cl""s‘?- n f%ne hundred time larger than that corresponding to the fringe
ofiowing, ~the  mixture use or. e anaysis o spacing and we can consider that variations in composition
thermodiffusion-induced phase transition will be then chosen(jlre totally driven by thej=gq, mode. As a consequence, a

. . o - 0 . y
SO as to ensure the trapping of the nucleated domains IBlane wave approximation can be used close to the beam

illuminated areas. : - T -

. , . _crossing and the intensity distribution can be written as
Finally, we must note that the first observable laser-driven 9 y

effect is a small increase in temperatiig(q) associated to 1(X)=1o[ 1+ CcogqoX)] (5)

the low optical absorption at the wavelength used. It leads to
a third contribution of the optical quench which, according towhereloz(P/waﬁ) andP is the total power injected into the

xT>D", can be considered as almost instantaneous. Sincg,mple. Using Eq(3), the electrostrictive contribution at the
waves are not resonant, this thermal component represents I o of the fringe patternx&a,) becomes
our investigation a shallow effect which can be neglected 0

compared to the concentration variation when analyzing the K02 [ 9\ =
late stage kinetics of phase separatj@g@]. Due to its rel- qpel(x,t)fwv(pgl%(x,t)zz_()( cDM) —
evance in numerous applications, this coupling will be ¢ J 7780

briefly discussed in Sec. Il D. X[1+cogqe)l[1—exg —~D-ZD)]. (6)

To use these composition variations for building holo-

graphic gratings, we consider two linearly polarized “W-This means that the phase transition driven by the field is

TEMp, Gaussian waves of same intensity which interferealmos;t completely monitored by the fringes; the Gaussian
with an angled (Fig. 2). Thus, as shown in Fig. 3, three wave pietely y ges,

vector distributions of width 24, wherea, is the beam- nat(L)J:]etﬁgtgtehg?rrrl]ap:dwgeggb(lft.)) shows that thermodif-
waist of the pumps at beam intersection, are excited in th?usion is a nonlocalll gréce;s becausie,(q,t) = Te(q)
medium. If Ao denotes the induced fringe spacing ang «1(q)/qg?. Due to the 14? behavior, the waCe \,/ectorEdistri—
=|qo|=2m/A,, these distributions are respectively centered .q q- IR .

aroundg=0, G=dy=K,— K, and G= — Go=K,— K, (where bution centered around thg=0 Eno@e is always stron_gly

- SO o-n2 0 nL 2 enhanced compared to any foroge Go# 0 mode(see Fig.

k; andk; are the wave vectors of the two pump bearii®ie  3) This can also be illustrated in direct space by writing the
distribution centered aroungl=0 (denoted in the following inverse Fourier transform of(q) and ®,(q,t) at beam
q=0) represents the contribution of the Gaussian intensityntersection asTE(X):ngo(X)+Tg:qO(X) and ®,(x,t)
shape of the pumps themselves while those centered arourgjq)a:o(x £)+ ®I=%(x ). Using Eqs.(1a—(1b), the pump

Go and — g, (denotedq=q, in the following describe the ot . .
(r]:?odulatioqnoA(o of the i%te?f%rence pattern 9 beams contribution at the center of the fringe pattern is

Since concentration variations induced by a local cou- _ p 2 2
p]lng, here electrostriction, are d!rectly proportional to inten- T O(x)= ﬁ[ - El(_Z) - |n(—z) ’ (79)
sity, theq=0 andqg=q, contributions have same amplitude T th 8o agl
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QOT

q=0 -
D (x,1) 04 To

TE °(x) correct results, even qualitatively. To solve the problem in a
(7b) more appropriate way, Marqusé24] considered an effec-
tive medium and derived self-consistently the growth rate of
The dlstanceac|(ac|>ao) is defined by the thermal boundary circular domains. We have extended Marqusee’s model of
cond|t|0nTg* (x=a,)=0 andE,(x) is the 1-argument Ex- two-dimensional Ostwald ripening to the laser-driven trans-

ponential Integral function. Besides, the fringe contributionV&S€ growth of a beam-trapped cylindrical droplet of radius

to the concentration variation induced by thermodiffusion isk a}n_d_ length (|>_R)' _Lettc denote the mean time ne_eded
to initiate nucleation in presence of the field. Then, in the

_ ook @y 1 P adiabatic approximatiofi25], i.e., when the solute concen-
(I)f'h do(x,t)=—— T A2 tration around the growing droplets is almost stationary, the
24 To A Go WaO transverse three-dimensional diffusion-controlled growth
xcogqox)[1-exp—D q2)t]. (8 'ate of a cylindrical beam-trapped droplet nucleated by an
optical quench in composition [22]

Using E;(x<1)~ —In(yx)+x, wherey=1.781 is the Euler
constant, the ratio between those two contributions in the d_R = D_(E)M
center of the central fringe is of the order of unity at short dt {e) Ko(R/Zg)

gence, it has been show84] that this method leads to in-
1- exr{ —2—t>

time (t<1/D~q3) and reacheg®d %/d{ *](x=0t=0) o(RIZE) [ 9D
=(goao/2)?In(ya3/a3) at steady state. As a consequence, Pe(Rte)+ R( )W( )
for goap,=10, the modulation of concentration induced by r=Rt=t

the fringe pattern becomes rapidly negligible compared to D,—Ddy
that generated by the Gaussian shape of the pump beams. A

phase transition induced by thermodiffusion does not feel the

existence of the fringe pattern. As illustrated in the following q’o dy  do

section, this difference in mode excitation between local and —1,

nonlocal couplings makes a huge modification in droplet (D (DM R
growth and grating reflectivity, because the thermodynamic
length scale switches fromy, to ag.

(C)

Where the screening lengtix satisfies the relationship:

B. Droplet growth in a fringe pattern (§E)7l:277fo RIK1(R/Ze)/Ko(R/Zg) IN(R,H)dR.

To analyze the dynamic reflectivity of an induced droplet
grating, it is necessary to build a model for the dropletHered, is a capillary lengtfj26] andKy(x) andK,(x) are,
growth in the fringe pattern. As already mentioned, for rela-respectively, the first and second modified Bessel functions.
tively unfocused waves, the symmetry of each pump beam igVhen comparing the experimental results with the model,
almost cylindrical around the propagation axis. However, dewe will assume that the variation &/ (g, with the quench
spite this symmetry, the growing droplets are necessarilglepth calculated numerically by Marqusee for the Ostwald
spherical due to a minimization of their surface energy. Un+ipening regime, still holds in the presence of the laser field.
fortunately, a rigorous treatment of such symmetry mixingEquation(9) is very similar to the classical growth rate of a
(growing spheres in a cylindrical quenglanalogous to that cylindrical domain for a spatially uniform quenchiig4],
encountered for droplet growth in a gravitational figR8], except that now the supersaturation
cannot be performed simply. Since our aim is to explore the
general properties of holographic gratings built from laser- {e Ko(R/E) <9<I>E
driven phase transitions and to obtain analytical results for R/K(RIZg) | ar T 0= dy
easy interpretation of the experimental data, we will not take Rt
into account this geometric influence of surface tension. In-
stead, we will analyze the transverse growth of cyImdncaI
droplets and assume that the predicted radius of the growm
cylinders corresponds to that of the induced spherical drop
lets trapped by the fringes.

Unlike the spherical symmetry scenario where the singl
droplet problem may be solved directly from the steady-state
equation for the solute diffusion, it is necessary here to con-
sider an effective medium that will remove the unphysical As illustrated by Eq(6) for a local process, the induced
singularity appearing in the concentration field; in cylindrical phase transition is monitored by the modulation of the inter-
symmetry, the general solution of the stationary mass diffuference pattern. Due to the finite extension of the fringe, they
sion equation Eq(la exhibits a logarithmic divergence at are independent from each other from the thermodynamic
r—oo, Even if anad hocapproach towards resolution is to point of view, and the same growth law holds over all the
introduce an arbitrary cutoff distance that prevents this diverfringes located at the center of the pattern, where the Gauss-

P(Rtc)+ Rl =

becomes a function of both the field distribution and droplet
dius. To illustrate the modification in behavior induced by
e nonlocality or locality of the excitation, we particularize
now & and separate the electrostrictive and the thermodif-
éuswe processes, assuming tidat is either®g or &y, .

1. Local growth rate in presence of electrostriction
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ian envelop of the pumps is negligible. We then consider th?dbizo)oﬂbi:o(x:&tc)
droplet growth inside the central fringe by assimilating its

modulation to a transverse sine profile of extensignwith 00 kr a,P a2 D-
cylindrical symmetry. As a consequence, the droplet growth =0 T aA n y—Z) 1—exp{ - —Ztc>
rate is simply described by E(P), wheredg corresponds to @s o 4mAh 2 2

PeX,tc) given by Eq.(6) which is rewritten as is the optical quench in composition on the axis of the inter-

ference pattern. The droplet growth rate becomes

Dg(X,tc)= %(®e|)o[1+008(%><)], (10) dR D~ ( R) K. (R/¢g)
dt R \ g/ Ko(R/EE)
where (@ )0 1 _E (R_z)_| R_z)
(Peo=De(x=0tc) (P~ Pu) Intyag/ag) % n &
Ko(R/ R? d
:4KT¢é(a@ P e o +2<%)KffR/s{EE;(eXp(_a_%)_lﬂ_ﬁo]' "
c ® | mag e

3. Discussion in terms of locality

is the optical quench in composition on the axis of the inter- If R<A(/2 (resp.R<ay) for electrostriction(resp. ther-

ference pattern. modiffusion, Egs.(11) and (13) reduce to the familiar ex-
Without any alteration of generality, we assundg, pression of the droplet growth rate for spatially uniform

=®,, for the description of the model. This means that thequencheg26]:

initial composition of the mixture is supposed to be located

on its coexistence curve as for experiments presented in Sec. d_R% D[ (®eo do (14)
[l [situation depicted in insdb) of Fig. 1]. In this case, all dt R [(®Ppy—Pyw) RJ’

the incident beam power is used for the quench. The droplet

growth rate becomes: However, modifications appear at larger To show these

differences, Fig. 4 illustrates the set of predicted radii in
which dR/dt=0 versus the quench depth on the axis of the

d_R: D ( R) K1(R/Ze) interference pattern. For a comparison, both electrostrictive

dt R \{g/Ko(R/{g) and thermodiffusive couplings are depicte@ssuming
1 (D)o (Pe)o=(PI%,), as well as the classical behavior given by
(5 (CD——@) 1+cogqgR) Eq. (14) which, as stated above, corresponds to small droplet
moM radii. In the latter cased R/dt=0 gives the set of critical
Ko(R/{g) ) do radii RS . This set is represented by a hyperbola, which sim-
- ZEW Yo S'r‘(QOR)} - E] 11 ply means that the critical radius is inversely proportional to

the quench depth; according to Eq(14), R(E:
=do/[(Pg)o/(Py—DPy)]. For an optical quench, the situ-
2. Nonlocal growth rate in presence of thermodiffusion ation is more complicated. In the presence of waves, the
As already shown, nonlocality in field variations in com- Stationary regimedR/dt=0 leads to a droplet radius that
position implies that thej=0 mode is always strongly en- exhibits a cuvette shape as a function of the initial central
hanced compared to the intensity modulation of the interferduench depthdR/dt=0 is positive inside this curve and
ence pattern. For thermodiffusion, the quenching and th@egative outside. The left branch corresponds to the critical
droplet growth are then essentially driven by the GaussiafiddiusRE variation while the right branch gives the maxi-
shape of the pump beams despite the droplet trapping by treum droplet radiusky, allowed by the finite size of the
fringes. As a consequence, the droplet growth rate is simplgptical quench. This finite size effect also leads to a cutoff in
described by Eq(9), wheredg corresponds tebd °(x,tc)  the set of possibl&R; there is a maximum value dRg
given by Eq.(7b), which is rewritten as which also represents the smallest accessiyg, . This is
also associated with a minimum quench depth below which
the transition cannot occur. This limitation shows that the
> beam sizdresp. the fringe spacingn thermodiffusion(resp.
(v(ag/ag)®) in electrostriction reduces the set of accessible length scales
X2 X2 for the droplet growth compared to a classical uniform
x[ - El<—2> —=In —2) } (12)  quench.
do A Moreover, Fig. 4 also illustrates different behaviors, in
terms of accessible droplet radii, for electrostrictive and ther-
where modiffusive quenches in composition induced by the same

B (x,te) = (D or-
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guench deptlisee experimental sectipsufficient to drive a phase
Droplet radius R (in im) when dR/dt=0 transition in both electrostrictive and thermodiffusive cases. The

fringe spacing induces finite size effects on the electrostrictive

FIG. 4. Set of radii corresponding to a zeroth growth rate versugyro,yth while thermodiffusion is totally monitored by the extension
the optical quench depth at the center of the fringe pattern for botfy¢ 1,0 pumps and does not feel the fringe pattern.
electrostrictive and thermodiffusive processes. The (efspec-

tively right) part illustrates the behavior of the critical radiR§ . ]
(respectively maximum radiui,,) allowed by the different stopped well before saturation of the droplet growth; remem-

length scales of the intensity distribution; electrostriction is sensiPer that in this case the growth is essentially driven by the
tive to the fringe spacing while thermodiffusion is monitored by the PUMP beamg¢q=0 mode instead of the fringe modulation.
beam waist of the pumps. For a comparison, the variation for a his procedure is always difficult to optimize because to
classical uniform guench inside an infinite medium is also plottedMany parameters can monitor a phase transition and trans-
The arrows indicate the evolution of the droplet radius in the dif-portation of an experimental scherfmalibration, etg. from
ferent regions separated yR/dt=0. one sample to another is usually irrelevant. On the other
hand, for a local coupling, such an external control is not

interfering pump beams. As discussed above, this differencBecessary because the droplet growth is totally driven by the
is due to the local or nonlocal character of the quench. Sinclinges. The growth increases progressively the grating re-
electrostriction varies linearly with field intensity, it is moni- flectivity, which reaches a steady value at the end of the local
tored by the fringe spacing, and droplet radii cannot be largePhase transition whefR(t—) reaches the stable value
than A4/2. On the contrary, for thermodiffusion, which is Ryax . tailored by the fringe spacing. The induced phase
driven by the temperature dissipated in the medium, such tansition never blurs the grating reflectivity. Moreover,
strong dependence does not exist and Vamegﬁ;\fx even Since droplets are self-calibrated by the fringes at the end of
larger than the beam radii of the pumps are allo\22]. the local transition, the intrinsic droplet polydispersity ap-
To illustrate the saturation of the droplet radius towardsPearing in classical phase transition totally disappears here.
RSy » and thus the appearance of a saturation regime at thENiS aspect is very important for applications because it also
late stage of the transition, we can compute the droplef’Creases the S|gnz_1I/n0|se ratio. These expectations are illus-
growth behavior from Eqg€11) and(13). Figure 5 illustrates  trated in the experimental section.
the predicted variation for both couplings. Integration was
done considering the initial conditioR(7c=(Rg)*D~¢") C. Reflectivity of a grating constituted by growing droplets
=RE+ ¢ /2, wherer is the relaxation time associated with

the critical radiusR(E: at the beginning of the quench and The reflectivity of the induced droplet gratitigatio of the

&7 /2 corresponds to an uncertainty on the activation barrie(rj'ffr"leteOI to the incident probe beam intensitiesby defi-

of nucleation of the order dfgT [26]; note thatt-= T(E: when hition [27]

nucleation is homogeneouyg6], i.e., when driven by the |I§ (z,1)[2

correlation length of density fluctuations. R(z,t)= — (15)
Those curves are very important from the experimental |Ep(z=01t)|2

point of view. Indeed, by definition, the reflectivity of an

induced grating disappears as soorRgs)=Ay/2. Then, as R R
already mentioned in experimental investigations using therThe probe and the reflected waves, respectiglyandEg,

mal quenching[8], to obtain a good signal/noise ratio in are determined using the nonlinear propagation equation in
presence of a nonlocal coupling, the experiment has to bthe medium
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2F 2 IR
sy > €M Jd E 1 J N o . ..
VZE_?WZEW(SEE)' (16) o given by Eq.(11) for electrostriction,
JR

where E represents the superposition of the four waves in- ot given by Eq14) for thermodiffusion, (209

teracting in the mediunithe two pump beamg, andE,,

Ep and ER) and eg corresponds to the modulation of the where D (t) =kgTo/67m7R(t) is the mass diffusion coeffi-
dielectric constant resulting from the induced droplet gratingcient of a growing droplet of mean radidR(t). AR(t)? is
By choosingqpay=10, Eq.(16) can be solved for planes proportional to the droplet polarizability. To solve these
waves in the slowly variable amplitude approximation; oneequations, we use the following initial condition&:g(t
finds foreg<ey [15]: =tc)=0 andR¢(t=tc)=Rc+ & /2. Finally, observation of
a reflectivity induced by a droplet grating neefdss A /2.
omz |2 ThenR(t)<a, for qpay,=10, and the nonlocal growth rate
i)“{(Z,t)=<—) [ee(t)]% (17)  reduces to the familiar behavior of an isolated droplet; finite
\/a?\o size effects induced by the pumps are totally negligible at
this stage and Eq13) reduces to Eq(14).
Equation(17) shows that the time dependence of the reflec-  since for classical liquid mixtures the induced phase tran-
tivity is directly related to the modification of the dielectric sition is reversible, i.e., initial homogeneous thermodynamic
constant induced by the f|E|d|n the medium. This Variation-iSstate is recovered when pump|ng is Stopped, they are particu_
generated by the increase in droplet volume concentratiopyrly suitable for a conceptual investigation of holographic
¢5(t) on the fringes resulting from the fringe trapping and grating generation. Indeed, we can easily increase the signal/
the growth. Since in usual experiments nucleation is heteronoise ratio by accumulation. Even if such a property clearly
geneous even in the bu[R8], i.e., nucleation is essentially needs to be avoided for practical applications, this reversibil-
driven by the unavoidable impurities present in the mixtureity is of particular importance towards a better understanding
most of the droplets are nucleated on a finite number of seedsf the involved processes, because it increases the experi-
at the same mean nucleation tinbg. Thus tc< TE and  mental value and allows a much better comparison between
<p(E3(tstc)=O. Moreover, for low quench depth&E(t) can experiments and theory. So, let's assume that one pump
be considered small enough to make a first-order develogeam is stopped by a choppertatt;. As a consequence,
ment of the nonlinear dielectric constant modulation as optical fringes disappear and the grating relaxes. Moreover, a
reverse quencfB0], still within the two-phase region, is in-

Je duced in the medium. Then, the growth momentarily slows
sE(t>tc)%<a—> e5(1). (18  down and we can assume that the droplet radius has not
#o/1 enough time to change noticeably during the grating relax-
_ o ation. Since the droplet fringe trapping disappeapg;(t
The time dependent reflectivity becomes >t,) is simply described by
2wz | de 2 JoE
B e E 2 ¢p
R(z,1>1c) \@M(a%)T (pp()% (19 —¢ (1>t)=—Do(h)agen(t). (21)

From the optical point of view, as soon &stc, the  Therefore, during the grating relaxation the reflectivity be-
medium can be assimilated to a dielectric assembly of verjaves as
small droplets of volume concentratiah,,, suspended in a
continuous phase of volume concentratibg, . For such a t—t,
microscopic suspension, a continuous thermodynamic de- %(t>t1)ocexp( - ) (22
scription has already been experimentally validafgd]. R
Thus<pg(t) can be described by a diffusion equation, analo-
gous to Eq(1a), in which the only field contribution is the Whererr=1/2Dp(t=t;)qéxAJR(t=t,) is the characteristic
electrostrictive manipulation of the nucleated droplets by theelaxation time. As a consequence, the analysis of the reflec-
fringe pattern. tivity during the relaxation of the induced grating allows a
Then, if[0,t;] corresponds to the illumination time inter- direct measurement of the mean droplet radius=at which
val of both pump beams, the droplet grating formation forcan be compared independently to the growth law obtained

the excited Fourier componeqt# 0 is described by from the grating formation. This two-step procedure is very
powerful because one can continuously check the value of an
S)fi(tc<t<t1)oc[<pg(t)]2 (203 experiment by the coherence between formation and relax-

ation of the induced grating. Before comparing these pre-
dicted behaviors with experimental observations, the next
section briefly discusses the important case of a thermal
quench driven by the wave. As already observed experimen-

Jep

—r = ~DoWagles(+ARM], (200
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T b Coexistence To get the resulting droplet growth rate, note that concep-

curve tually this thermally driven quench is totally analogous to
/ Two-phase region ® that obtained for a thermodiffusive process, since in the latter
z case the variation in composition is proportional to the over-

heating induced by the pumps; both processes have the same
origin. Thus the growth is nonlocal and its rate is simply

i
mﬁ

To :' """""""""""""" v obtained by replacing$°(x) by ®37°(x) in Eq. (13). We
: o get
TC "E‘ """"""" E i —
; One-phas:e region b d_R _ b~ ( E) M
q)' = <I:: q’) > dt R \ g/ Ko(R/E)
m C 0 M @ a=
FIG. 6. Schematic phase diagram of a binary liquid mixture with D, — ‘I’M| In( yai,/ag) 1 ag agl

an inverted coexistence curv@®. is the volume concentration in
solute_ gndT is_ the temperatured and 'I'_C are the cpordinates of <§E) Ko(RI{g) [{ Rz) ” do]

the critical point andby andT, characterize the medium before the —|—=|exg — = |-1||—-=,
application of a laser waveb; represents the supersaturation on R/ K1(R/Zg) ap R

the optical axis induced by a laser-driven thermal quefigh, re- (24)
sulting from the absorption of the wave by the mediuln, and
®,, are the coexisting compositions at temperaflige- T .

where

tally [31], this process, weak in our mixtures, can dominate if )
the medium absorption at the wavelength used becomes (q)a:o) =<I>a:°(x=0)=§ a,P In Aql 1
large. oo 2 4mhy |\ T &%) To—Tc

D. Nonlocal growth rate in presence of thermal quenching is the optical quench in temperature on the axis of the inter-

As mentioned before, mixtures are often characterized b{freénce pattern. As a consequence, the properties of the drop-
at least a small absorption of the wave at the used wave®t 9rowth rate and droplet growth law are in scaled units
length. We already show that the resulting nonlocal overldentical for thermal and thermodiffusive quenches. Figures
heating is almost unaffected by the modulation of the fringe? @nd 5 depict the expected behaviorslfy), is replaced by

pattern: it corresponds mg:g given by Eq.(7a). As illus- (d1)o; the droplet grating reflectivity is also similar.
trated in Fig. 6, this field-variation of the temperature can

also quench a liquid mixture if its phase diagram presents an [ll. CHOSEN MEDIA

inverted coexistence curve with a low critical point. To use . : . . .
all the incident beam power for the quenching, let us assume To experimentally investigate holographic grating forma-

again that the initial conditionsTg,®,) are located on the tion resulting from Ia_ser-dnven_ phase separation, we choose
coexistence curve. Then, by taking into accountm'ce"ar phases of microemulsion as test media. We use qua-

the expression of the coexistence cuni@,,—o| tergary CO;‘nptontear;ts rr;nixtuoreg oftw?;er, oil, surf?ct(an;nap,_
—(AD)o|1—T/T|? [where B=0.325 for Ising (d=3, n and cosurfactarfalcoho). Owing to the supramolecular size

_ . 4=0 of the micelles and their in time organization, both electros-
1) fluids], the thermal quench _deptbeT /(P _ trictive and thermodiffusive processes can lead to sizable
—®),,)|, close to the center of the interference pattern,

. b 'Sconcentration variations in low power beafd$,27]. More-
given by[19] over, the absorption of those mixtures in the visible wave-

o=000| 1 T4=0(x) B length window is often weak, leading to a small field-
LI Dl I I I E_ ) generated overheating. Thermal secondary effects, like bulk
Oy—Dp| 2 To+ T %) —T¢ convection, thermocapillarity, or photophoresis, are thus

o negligible and do not disturb the diffusive nature of the com-
B TEX o3  Position variations induced by the wave. On the other hand,
T2 (To—Te) 23 those mixtures feature critical behaviors; and close to a
_ liquid—liquid critical point, microemulsions generally belong
for weak thermal quenchesT@zo(x)<T0—TC). To illus-  to the universality clas&d=3, n=1) of the Ising model. As
trate this supersaturation in Fig. 6, we have arbitrarily takera consequence, such media are particularly interesting to in-
d, on the right-hand half of the coexistence cufie., ®, vestigate droplet grating formations generated by laser-
>®.). In fact, experimentally®, has to be chosen on the induced phase separation becauyse criticality enhances
half which provides a refractive index of the dropléts., of  field couplings andii) the correlation length of density fluc-
the phaseb,,) larger than that of the surrounding phdse.,  tuations inside the coexistence cunég is intrinsical-
of the phaseb,,) in order to ensure their optical trapping in ly large and diverges close to a critical poifite., &~
illuminated areas. =&, [(To—Te)/Te| ¥ with »=0.63. Two different mix-
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TABLE |. Data used for evaluations of the different optical the minority phase&b,,. Moreover, since the refractive index
processes in the two mixtures tested in experimenitgz(,/d®)r  of the micelles is slightly smaller than that of the oil, the
is estimated from the Clausius-Mossotti relation Mﬁjtakes into refrac“ve |ndex Of(bm, and thus Of the dropletS, |S |arger
account the first-order correction {h, of the viriel expansion. than that of the surrounding majority pha®g, . As a con-
sequence, these nucleated domains are drawn transversally in
the high intensity regions by the electrostrictive forces and

Quaternary component  Water/dodecane/ Water/toluene/

mixture pentanol/SDS  butanol/SDS )
grow in the quenched area.

0o (kg/m®) 780 870 To give an order of magnitude of the different couplings
0s (kg/n) 983 983 involved in this mixture, let us consider a set of experiments
D ample(To<Tc) 11% 13% described below. AT,—T-=0.8K, for a total beam power
& (nm) 11 2.0 P=1.2W (i.e., 600 mW per pump beama beam waisg
7 (Pa.3 3.4110°8 1.9310° =32um and a fringe spacing\,=3.5um, one finds the
A (W/cm/K) 1.4510°3 1.28 10°3 following stationary quench depths at the center of the inter-
ag (m™ 5.58 102 1.92 102 ference patterndd °(x=0,t=)/(d,— ®,) =0.24 corre-
Ve 141 1.48 sponding to a temperature increa$@ °(x=0)=0.19K,
(gﬁ/a@)T -26210°  -12510° and @~ %(x=0t=2)/(®,—Py)=6.10"° corresponding
kt 5 30 04 to T3 %(x=0)=4.10"°K. On the other hand, the electros-
Kz (i) 3.08 10 L7710 trictive and the thermal quench contributions are, respec-
(AD), 1.47 1.60 -

tively, ®q(x=0t=2)/(®,—Py)=3.102 and ®I~(x
=0)/(®,,—Py)=3.10 2. As expected, these evaluations
I,§how that the phase transition is almost completely driven by
thermadiffusion (electrostrictive and heating contributions
are at least ten time smaljeand thus by the Gaussian shape
of the pump wavesthe fringe contribution is totally negli-

A. Nonlocal thermodiffusive phase transitions gible).

tures are used for the experimental investigation; their cha
acteristicd 15,27 are listed in Table I.

To analyze phase transitions induced by a nonlocal cou-
pling, here thermodiffusion, the selected system has the fol-
lowing mass composition: ultra pure water 586godecane To investigate phase transitions induced by a local cou-
78% andn-pentanol 12.2% of spectroscopic quality, andpling, here electrostriction, the selected system has the fol-
crystallized sodium dodecyl sulfate 4.8%. Located in the oil-lowing mass composition: ultra pure water 8.5%, toluene
rich part of the phase diagraf82], it features a water-in-oil  71.4% andn-butanol 16.2% of spectroscopic quality, and
micellar phase at room temperature which can be consideregtystallized sodium dodecyl sulfate 3.9%. Also located in the
from the optical point of view as a set of nanometric dielec-oil-rich part of the phase diagraf83], it also features a
tric sphereg~20 A in radius afT,=20°C) suspended in an water-in-oil micellar phase at room temperat40 A in
oil continuum. The chosen composition features a low criti-micelle radius aff ;=20 °C). The chosen composition fea-
cal temperaturd =32 °C above, which the mixture phase- tures a low critical temperature-= 31 °C above which the
separates into two micellar phases of different micellar conmixture phase-separates into two micellar phases of different
centration; Fig. 1 is a schematic of the phase diagram of thisicellar concentration; its phase diagram is analogous to the
mixture. To>T¢ part of that presented in Fig. 1.

In this particular system, we have previously shown that In this system, it has been previously shown that electros-
electrostriction is negligiblg16] because the optical polariz- triction and thermodiffusion are both efficief83]. How-
ability of the micelles is extremely small due to the weakever, as stated above, the characteristic time scale associated
refractive index contrast between micelles and the surrounde concentration variations driven by a Fourier maglés
ing oil (n-dodecang The interaction between the wave and given by 7=1/(D ~q?). Then, sinceq~1/a, for thermodif-
the micellar phase is mainly controlled by thermodiffusion: fusion[see Eq(7b)] andq=q,=2m/A for electrostriction
®e(q,t)~Dy(0,t). Sinceky is positive, thermodiffusion re- [see Eq.(8)], the phase transition is, in fact, completely
sults in a local decrease of the micellar concentration insideriven by electrostriction on the fringes. For a ratigag
the high field-intensity regiong.e., ®,(q,t) <0). Moreover, =10, the time scale for the electrostrictive variation in com-
owing to the diverging behavior of the Soret constenti.e.,  position is one hundred times smaller than that driven by
k=K (To—T¢)/Tc] ¥ with »=0.63 in the vicinity of the  thermodiffusion. Due to this huge difference, we can assume
critical point, largek; values can be achieved. Therefore, that electrostriction drives totally the transition because finite
despite the very small optical absorption,=5.5810* size effects induced by the fringes on droplet growth also
cm ! at A\y=514 mm, sizable concentration variations canappear well before thermodiffusion is able to quench the
be observed. mixture. Then ®g(q,t)~Py(q,t). Since @Veu/ddP):

As depicted in Fig. 1, all the injected beam power is used<O electrostriction also results in a local decrease in micel-
for the quench in composition fofy>Tc. This optical lar concentration inside the high field-intensity regidns.,
guenching results in the nucleation of droplets constituted byb.(q,t)<0). Moreover, owing to the diverging behavior of

B. Local electrostrictive phase transitions
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the osmotic compressibility Ky (i.e., KT=K$[(T0 c.w. Ar* Laser
—T¢)/Tc]™ Y with y=1.24 in the vicinity of the critical (Ao =51458) L
point, largeK; values can be achieved and sizable concen- e /2 Plate

tration variations are observed at low beam powers.
As in the “thermodiffusive microemulsion,” forT, <~ Lens L,

>T., all the injected beam power is used for the quench in

—>
composition and this dipolar quenching results in the nucle- | Multichannel analyzer Wollaston
ation of droplets constituted by the minority phads,. A A prism
Moreover, the nucleated domains are automatically trapped Signal in Chopper

transversally in the high intensity regions by the electrostric- synchronisation

tive forces and grow in the illuminated area.

An order of magnitude of the different couplings involved
in this mixture can also be estimated using the experimental
conditions of a second set of experiments analyzed below. At
To—Tc=0.5K, for a total beam poweP =600 mW (i.e., -
300 mW per pump beama beam waisty=23um, and a o g“’“ prism
fringe spacing\,=3.5um, one finds the following station- Photon counter
ary quench depth at the center of the interference pattern:

- Lens L
®

\_- Choppers

pnn )./2 Plate
—

A

A®
f'.”

® (x=0t=00)/(d,— D) =0.26 which corresponds to the - B Lens L,
N — ermo-regulated

sum of the excitation by thg=0 andg=q, modes, each bath

mode contributing to one half of the supersaturafimem- X | sample

ber that 1(g)>«248(q)+ 8(q+0qo)+5(q—0q,) for plane VAR

waved. Thus the electrostrictive supersaturation associated A/4 Plate Beam

to the gq=q, mode is q)g|_qo(xzoat:°°)/(q)m_q)M) Attenuator stop

=0.13. Moreover, the thermodiffusive contributions are

(D?hzo(x=0,t=oo)/(d>m:d>,\,|)=0.01 corresponding to a LensL;

temperature increasgl °(x=0)=4.10 >K and &g %(x
=0t=2»)/(P,—Py)=6.10"° corresponding toTg *(x
=0)=2.10 °K. Finally, the amplitude of the supersatura-
tion induced by the laser heating i§>$:°(x=0)/(<bm
—®,,)=0.01. We can conclude that the phase transition is
almost completely driven by electrostriction in this second"S:

micellar phase of microemulsion. Moreover, for a dipolar

coupling, the diffusion time scales of tfe=0 andqg=qq perpendicularly polarized beams of same intenghg pump
modes|[34] are, respectively, given ba§/4D*=13OS and beams$ by a Wollaston prism. An afocal system, composed
1/D~g5=0.3s. This important difference resulting from the of two lensed_; andL,, recombines the pump beams in the
associated diffusion length scales, respectivalyand A, cell with a definite angled and focuses these two beams at
clearly illustrates the fact that the fringe contributigrrq,  their intersection by imaging the beam waist generated by
will trig much faster the phase transition than the=0  the lensL, on the Wollaston prismd and the beam waist,
mode, even if stationary amplitudes of supersaturations arét beam intersection can, respectively, be adjusted by chang-
identical for both modes. As a consequengg,y induced ing the setl;,L;) andL,y. A second\/2 plate is placed on

by the intensity modulation is reached well before the timeon€ beam to obtain pump waves of same polarization and
scalea?/4D~, and we can assume that the induced phasghake them interfere in the cell; the polarization is chosen so

transition is completely dominated by the fringes. as to be in thec direction to induce repulsive dipole—dipole
interactions between droplets trapped on the same fringe and

to prevent as much as possible droplet coalescence.
The fringe spacing is given byAg=27/gq9=\q/

To analyze the reflectivity of the resulting droplet grat-[2/e,, sin(8/2)], where A\o=514nm is the optical wave-
ings, we use a four-wave mixing experiment, in which thelength in vacuum. The ratio between the pump beam diam-
phase transition is induced by two interfering pump beamsters and the fringe spacing is always chosen to be larger
and probed in Bragg conditions by a third beam at the samghan ten to obtain an efficient grating reflectivity and to fulfill
optical wavelength. The experimental setup is presented ithe plane wave approximation used for the determination of
Fig. 7. The liquid mixture is contained in a fused quartz cellthis reflectivity. After propagation in the cell, one of the two
(1 cm wide, 2 mm thick thermally controlled by a water pump beams is attenuated and retroreflected back through
circulation regulated at better than 0.05 K. To generate théhe sample by a mirror to play the role of the probe wave.
fringe pattern, the linear polarization of a c.w. TEMAr™  The lenslL; focuses the attenuated pump wave on the mirror
laser wave is adjusted by ®2 plate to be split into two to yield a probe beam extension in the cell identical to that of

Mirror
v

FIG. 7. Experimental setud. and ® mimic the beam polariza-

IV. EXPERIMENTAL SETUP AND PROCEDURE
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FIG. 8. Reflectivity of the probe beam induced by the formation 10 illustrate the above procedure, a typical experiment
and the relaxation of a thermodiffusive droplet grating when relax-here the phase transition is dominated by a thermodiffusive

ation occurs a(a) t;=12s, (b) t;=15s, (¢) t;=18s, and(d) t, process is presented in Fig. 8. The experiment is performed

=60s. The f|ts(empty Circ|e$ are performed according to Eqs f0r fOUI’ different i”umination durations in the same Condi'

(20) and(22). tions (P=1.2 W, ag=32 um, Ag=3.5um, and To—T¢
=0.8K). From the three first grating relaxations we deduce

the pump waves. The probe beam polarization is rotated b{f)¢ mean droplet radii att;. We find R(t;=12 3
an angle of 90° by means of the double travel througiida ~=0.50 wm, R(t;=15 9 =0.60 um and R(t;=18 9
plate. Then, the wave reflected by the droplet grating has a 0-65 #m. Besides, the grating formation of those three
polarization perpendicular to that of the pumps and can eadtns are fitted together with the same parameters. We
ily be extracted with a Glan prism. It is detected by means ofbtain tc=5.5-0.3 s and a mean initial supersaturation
a photon counter and accumulated with a multichannel andPe(Xx=0t=tc)/(®,—Py)=0.026+0.003, which corre-
lyzer. sponds to a mean critical radit®: =0.26+0.03xm; errors

A three-step experimental procedure is implemented t@re dR/R~dRc/Rc<10%, dtc/tc<5%, and dPg/dg
observe the grating formation induced by the transitign. <210% [28]. The resulting droplet growttR(t) is repre-
At t=0, the two pump beams start to quench Simu]taneous|§ented in Flg 9. Figure 9 also shows that the droplet radii
the mixture. Att=tc, droplets of the minority phasé,, are ~ Measured from the grating relaxations are in good agreement
nucleated and trapped on the intensity maxima of the fring&vith the growth law deduced independently from grating for-
pattern. A droplet grating is then generated. The grating formations.
mation and the domain growth make the reflectivity to in- ©On the other hand, Fig. 8 illustrates the behavior of the
crease. We deduce the mean droplet radius beh&¢rby  reflectivity for an illumination timet; =60's. After reaching
fitting the reflectivity with Egs.(208—(20¢) and adjusting @ maximum, the amplitude of the reflectivity starts decreas-
the nucleation time and the corresponding quench depth ithg continuously fromt~22s. According to Fig. 9, this cor-
the center of the interference pattern. In fact, to increase theésponds to a mean droplet radius of Qu®, close toA ¢/4
accuracy of the measurements, several reflectivities, obtaind@r Which the efficiency of the induced grating is the largest.
for different increasing illumination times,, are used for Then, as expected for a grating driven by thermodiffusion,
the fitting procedure(i) At t=t,, the pump wave that is also the droplet growth does not saturate in presence of fringes.
not used as a probe wave, is stopped by a chopper, and tfégnally, we can observe that the measured valuebe{x
droplet grating relaxes. The decrease in reflectivity describedr Ot=tc)/(Pn—Py) needed to initiate nucleation is much
by Eq.(21) allows a measurement &(t,). (i) At t=t,, the ~smaller than the final thermodiffusive supersaturation
second pump wave is stopped by a second chopper until @ﬁh=°(x=0,t=00)/(<l>m—<l>M)=0.24. This proves that the
time t5 (typically t;—t,~5t;) to ensure a thermodynamic phase separation is induced before the steady state quench in
relaxation of the system before starting a new accumulatiogoncentration is reached, as it could be expected. Since the
on the multichannel analyzer. characteristic time scale of a thermodiffusive quench in com-
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FIG. 10. Reflectivity of the probe beam induced by the forma-

tion and the relaxation of a thermodiffusive droplet grating for dif-  FIG. 11. Reflectivity of the probe beam induced by the forma-

ferent fringe spacings. Faky=3.5um (respectivelyA ;=2.5um) tion and the relaxation of an electrostrictive droplet grating when

relaxation occurs at;=15s andt,; =60 s (respectivelyt; =22 3. relaxation occurs afa) t;=35s, (b) t;=45s, (c) t;=65s, and(d)

The fits (empty circle$ are performed according to EqR0) and t;=150s. The fitdempty circle$ are performed according to Egs.

(22). Inset: droplet growth lawiempty circle$ deduced from the (20) and(22).

grating formation forA ,=3.5um andt,;=15s. The filled circle is

the radius deduced from the grating relaxation;at15s and the =2.5um andA,=3.5um. To obtain the droplet growth law

dashed line shows the continuation of the growth which was nofor ap=23um, a first run atA,=3.5um investigates the

measured. droplet grating before saturation gt=15s. From the grat-
ing formation we get.=4.5+0.2s and a mean initial su-

/D~ [34], we also conclude that if Persaturation ®e(x=0t=tc)/(®n—Py)=0.0290.003
éthlCh corresponds to a mean critical radif®=0.27

*£0.03um; from the relaxation, we findR(t;=155s)

=0.62um. Then the experiment is realized twice above

position is given bya3
nucleation was homogeneous, the time needed to rea
DI O(x=0t=tc)/(Py—Py)=0.026 measured in the ex-
periment would be of the order of 75 s. As already demon'saturation forAn=3.5 _ } :

. ; : . . 0=3.5um andAy=2.5um; the chosen il-
strated by a different reasonifg8], this numerical applica- lumination times are, respectively,=60's and,=22's. For

tion illustrates again that nucleation is essentiallyA —3.5um (resp. Ay=2.5,m) the reflectivity reaches a

heterogeneous in mixtures, and explains why the fit of themaximum att~20's (resp.t~159 which, according to the

grating format|ons are in agreement with the hypothesis th%set of Fig. 10, corresponds to a mean droplet radius of the
a majority of droplets are nucleated at the same mean time
: | order of 0.9um (resp. 0.65um), close toAy/4. Then, the

tc. The unavoidable seeds present in the bulk decrease the, ~ ... :
reflectivity decreases continuously.

nucleation barrier and thus accelerate the decay of a meta- As a consequence, when driven by a nonlocal process, the
stable state compared to a homogeneous nucleation pICtur?emporal behavior of the reflectivity is characterized by a

According to Eqs(7d and (7b), two optical parameters sharp slope, as long as the size of the growing droplet is

can be varied to analyze the influence of the dynamics of the . .
X . . A Small compared to the fringe spacing. Then, the slope
guench in concentration on grating formation: the total

o : . . reaches a maximumR(t)~Ay/4), reverses irreversibly
powerP |njected_|n the m_edlum and the F’ea”_‘ waigiof the (R(t)>A/4), and the reflectivity vanishes because droplet
pump waves at intersection. The behavior®ianda, have

already been described when analyzing the early stage kine%lﬁe larger th?‘m‘o are allpwec: bylthe rl}(lnetlc_s O.f t.he 'ndﬁced
ics of the induced transitiof84]. However, even if\; is not phase transition, but evidently blur the periodicity of the in-

pertinent for a nonlocal quench, it strongly influences theduced structure.

largest observable reflectivity. To illustrate this aspect, Fig.

10 shows two experiments realized in the same conditions as
those used in Figs. 8 and 9 but for another beam waigt ( Using the same experimental procedure as that described
=23um) and for two different fringe spacingsA, above, a typical experiment where the phase transition is

B. Reflectivity induced by a local phase transition
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FIG. 12. Droplet growth lawlempty circle$ deduced from the %
fit of the grating formations of Fig. 11. The filled circles are the 0 — . e
radii att; deduced from the grating relaxations. The dashed line - 0 50 100 150 200

shows the continuation of the growth which was not measured from Time t (s)
the grating formation.

FIG. 13. Reflectivity of the probe beam induced by the forma-
n and the relaxation of an electrostrictive droplet grating when
relaxation occurs afa) t;=35s and(b) t;=150s. The fitdempty
circles are performed according to Eq20) and (22); the grating
ing relaxations we deduce the mean droplet radii for thc)Sformation leads totc~0.5s and a mean initial supersaturation
. %DE(X=0,t=tc)/(d>m—CIJM)=O.12t0.01 which corresponds to a
four values oft;. We find R(t=35 9 =0.38 um, R(ty o5 gritical radiuRc=0.19+0.02um. Inset: droplet growth law
=459 =0.44 um, R(t;=65 9 =0.50 um, andR(t,; =150 (empty circle deduced from the grating formation when
s) =0.52 um. Besides, the grating formation of those four —355 The filled circles are the radii deduced from the grating
runs are fitted together with the same parameters. We Obta}@|axations[R(t1:35 $)=0.39um, R(t;=150s)=0.50um] and
tc=~0.5s and a mean initial supersaturatidng(x=0%t  the dashed line shows the continuation of the growth which was not
=tc)/(Pp—Py)=0.10-0.01, which corresponds to a measured from the grating formation. Note thett;=150s) is
mean critical radiuRc=0.23+0.02um. As expected, the close to the expected saturatiBf,, =0.53um.
small value oft; shows that the phase transition is totally

driven by the characteristic time scale of mass diffusion cmthe local character of electrostriction; the smallness of the

. — 2_ .
the fringes 1D q;=0.3s. The resulting droplet growth characteristic time scale of diffusion on the fringes leads to

R(1) and the set of droplet radii measured from the gratlng[he fact that the quench in composition is almost stationary

relaxations are represented in Fig. 12; a good agreement BS .
observed. efore the phase separation occurs.

On the other hand, the expected saturation calculated We have also analyzed the beam power influence on the

from Eq. (11) is RE,=0.47um, close to the saturation grating formation for three diﬁgrent pegm powerE’. .
observed experimentally &= 65s and; = 150s. Then, de- =0.45, 0.9, and 1.2 W. The experiment is illustrated in Fig.
spite the decrease in efficienajue to an increase in scatter- 14. Saturation of the reflectivity appears respectively at

ing of the pumps, induced by the droplet growth, and thus tdmax =55, 32, and 27 s. As expected, the duration of the
a decrease in intensity of the probe in our experimentafifoplet growth decreases for increasing beam powers. Ac-
setup observed fott, =150, this experiment clearly shows cording to the model, a first-order developmenRARY

that droplet growth driven by electrostriction is totally moni- of the electrostrictive droplet growth rate equation shows
tored by the fringes. The reflectivity reaches a stationarnthat the characteristic time scdlg,x needed to reacR,\E,le
value linked to the saturation of the droplet growtlﬂ',f;gAX . behaves as®,,— ® )/ Pe(x=0t=tc) for deep quenches.
This behavior, also illustrated in Fig. 13 for a different in- At constant beam-waist, this means thghyo1/P for an
jected beam power, contrasts with that observed in presen@dectrostrictive coupling. As illustrated in the inset of Fig.
of a nonlocal coupling, and allows a clear distinction be-14, we recover the expected behavior, but with a slightly
tween both processes. Finally, we can observe that the medifferent power law(tyax <P~ %"* is measured instead of
sured value of®g(x=0t=tc)/(P,—DPy) needed to ini- tyax*P1). The discrepancy could be explained by the fact
tiate nucleation is in agreement with the calculated finalthat the induced supersaturations are not sufficiently deep to
electrostrictive supersaturation induced by the fringesotally eliminate the dependence &, on the quench

®97%(x=0t=)/(P,—Py)=0.13. This point confirms depth.

dominated by an electrostrictive process is presented in Figz_.
11. The experiment is performed for four different illumina- “'©
tion durations in the same conditionsP€£0.6 W, a,
=23um, Ag=3.5um andTy— T=0.5K). From the grat-
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2500 ———T———T 71 — theoretically the optical quenching mechanisms induced by
[ ‘ T-T =05K 1 two interfering pump beams, and we derived for each cou-
i a=23ym | pling the growth rate of the fringe trapped droplets nucleated
A=35um during the induced phase transition. It clearly appears that
) the growth of droplets nucleated by a local coupling is com-
pletely monitored by the fringes, while nonlocal excitation
leads to a growth controlled by the size of the pumps. To
probe these behaviors, we have experimentally analyzed the
real time formation of the resulting droplet grating for both
local and nonlocal excitations. In presence of a local cou-
] pling, the reflectivity of the induced droplet grating reaches a
. stationary value due to the saturation of the droplet growth
7 induced by the finite size of the fringe; the fringe spacing
self-calibrates the final size of the droplets. On the other

] hand, since a nonlocal process is mainly sensitive to the
11 shape of the pumps, droplet growth is, in this case, moni-
A E— m ] tored by the beam-waist. Then, after reaching a maximum,

Injected beam power (W) the reflectivity of an induced droplet grating decreases con-
0 [ , . . ] tinuously and vanishes when droplet diameters become
0 20 40 60 80 100 larger tha_n the fringe spacing. All the expen.ments are mtgr-
preted using our general model, and there is good quantita-
tive agreement. As a consequence, even if we develop our

FIG. 14. Reflectivity of the probe beam induced by the forma-investigation in simple binary liquid mixturgsvhich clearly
tion and the relaxation of an electrostrictive droplet grating for dif- cannot be considered as useful media in terms of applica-
ferent injected beam powers. Arrows indicate the beginning of thdions) to increase the accuracy of the comparison between
saturation of the reflectivities. Inset: variation of the timgyx  theory and experiments, it can easily be extended to other
needed for saturation of the reflectivity as a function of the injectedphase-separating mixtures because the behaviors associated
beam power. to the locality or the nonlocality of the excitation are totally
generic. For example, the kinetics of separation in polymer
mixtures [35] and polymer dispersed liquid crystal86]

In the present paper, we have investigated the kinetics dftarts to be reasonably well understood, and optical quench-
holographic grating formation resulting from laser-induceding by a fringe pattern involving nonlocal couplingesp.
phase separation. This study was undertaken in view of urlecal excitation like laser heating or laser-induced solvent
derstanding the influence of localitpr nonlocality of the  evaporation (resp. laser-induced dipolescan easily be
excitation process on the formation of bulk holographic grattreated from the thermodynamic point of view; laser heating
ings, and also because of its important technologic signifiis studied briefly in this paper and solvent evaporati@sp.
cance in material science, particularly in patterning diffract-|aser-induced dipol¢sbehaves as thermodiffusiotresp.

ing elements. Preliminary results needed a theoreticayectrostriction. In fact, the main problem of such investiga-
background in order to understand the different observationgy, is to be able to describe the kinetics of the induced

and to [nvestigate the potentiali.ties of t_he processes involveq,4nsition in presence of the electromagnetic field, and our
To achle\(e thls_go.al, we used mterfermg c.w. laser waves QRhoice was motivated by the existence of such a theory in the
guench binary liquid mixtures and to optically trap the nUCIG'Universality classd=1, n=3) of the Ising model

ated domains in the high intensity regions. Essentially, three As a conclusion, the present work shows how the dynam-

different couplings can induce transition: electrostriction,. . : . .
thermodiffusion, and laser heating. As photopolymerizationICS of halographic graiing formation resulting from a laser-
, induced first order phase transition can be investigated, and

electrostriction belongs to the family of local processes. This , , o ; )
means that the medium is excited by the Fourier component%Xpla'nS the influence of the ex0|ta_t|on mechanism on their
of the field distribution. On the other hand, as in the solvenf€rformances. It may serve as a first step towards a better
evaporation technique, thermodiffusion and laser heatingnderstanding of the origin of the resulting dynamic organi-
have a dissipative origin due to light absorption. Then, they-@tion and to predict its evolution.

do not follow exactly the electromagnetic field distribution

and the resulting nonlocal response of the medium has an

important contribution around thg=0 Fourier mode. As a ACKNOWLEDGMENTS
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