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Crossover from mean field to three-dimensional Ising critical behavior
in a three-component microemulsion system
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Critical density fluctuations of water droplets in an oil-rich three-component microemulsion system have
been studied by small-angle neutron scattering as a function of temperature near and far from the boundary of
phase decomposition. The observed data in the one-phase region are well described in terms of the asymptotic
crossover expression calculated by Belyalat\al. The data are found exclusively in the crossover region
between the universality class of three-dimensional Ising and mean field regimes. The Ginzburg number is
found to be between one and two orders of magnitude less than that for low molecular weight liquids.
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I. INTRODUCTION exponents of two-component systems with the concept of
crossover from mean field to 3D Ising behaviad]. Alter-

The phenomenon of critical density fluctuations in mi- natively, Martinez-Mekler, Al-Noaimi, and Robledo consid-
celles and microemulsions with droplet structure can beered a correction to scaling with temperature dependent in-
treated analogously to simple fluids. So far, researchers hajgractions[15]. Especially, in the multicomponent systems,
tried to interpret their experimental data within one of the@n interpretation in terms of Fisher's renormalization of the
universality classes of critical phenomena, namely, of the3D Ising model[16] has been a convincing candidate, be-
mean field and of the three-dimensior8D) Ising model ~ Cause these multlcpmpon_e_nt systems should haye an extra
[1-9]. The respective theoretical critical exponents of susd€gree of freedom in addition to the droplet density. Other-
ceptibility and correlation length, which will be defined be- WIS€, no authqr has found the exact values of Fisher's renor-
low, are y=1.0 and v=0.5 for mean field,y~1.24 and mahzgd 3D Ising casg,_whemwl.sg andv=~0.71.
v~0.63 for 3D Ising. In two-component micellar systems, _Qune recently, Anisimovet aI.. [17] and Belyakov an.d_
Corti and co-workerg1] showed experimental results of Kiselev[18] proposed an analytical form of the susceptibil-

. ity, which describes the fluctuations of the order parameter
GiE; (n-alkyl polyglycol esters and water that indicated o 1he whole temperature range in the mixed state of the

mean field pehavior. These resglts were confirmed by severgk,stem_ Their asymptotic regimes are the 3D Ising and mean
other experiment2]; however, in the literature many more fie|q pehavior near and far from the critical point, respec-
experimental findings are reported with critical exponents;yely. This theoretical expression successfully interpreted
closer to the 3D Ising cad@]. Because of the nature of the composition fluctuations in polymer blend49,20. One
droplet systems, most researchers expected that, within thgincipal result of these studies was that previous interpreta-
experimentally accessible temperature range at the criticajons with asymptotic scaling laws were quite misleading
point, its critical behavior belongs to the 3D Ising universal-insofar as the validity of the Flory-Huggins mean field theory
ity class. was very much overestimated. Thus for a reliable analysis of
In multicomponent microemulsion systems, the obtainedhe experimental data one needs quite generally a theory
critical exponents do not always coincide with the exact val-which is valid over the whole crossover regime including the
ues of the 3D Ising moddk—13). On limiting to the well-  scaling limits both very near and very far from the critical
known ternary system, an oil-rich AO{ioctyl sulfosucci-  point.
nate sodium salt decane, and water mixture, there exist It is the aim of this paper to present SANS experiments
various experimental results. Kotlarchyk, Chen, and Huanghat determined the susceptibility and correlation length on a
[10] obtainedy=1.61 andv=0.72 by small-angle neutron three-component microemulsion of near critical composition,
scattering(SANS); Huang and Kim[11] observedy=1.22  and to apply the above-mentioned extended crossover func-
and »=0.75 by light scatteringLS); and, Honorat, Roux, tion[17,18 to our results. We used the well-known micro-
and Bellocq [12] gave values of y=1.30,1.25 and emulsion system of an oil-rich mixture composed of water,
v=0.76,0.71 by LS. In order to understand such a compli-AOT, andn-decane. The structure is known to be a simple
cated situation, Fisher tried to explain the observed criticalvater-in-oil type, homogeneous at room temperature, and de-
composed in two phases at higher temperatures. As we de-
scribed above, the associated critical phenomena were al-
*Present address: Olympus Optical Co. Ltd., Hachioji, Tokyo 192ready studied by several authors using SANS and LS
Japan. [10-13. It was concluded that the system behaves as a
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guasi-one-component system whose critical phenomena 20—r—r—T7—TT—T
could be described as the 3D Ising characteristics. However,
the obtained critical exponents were not always in agreement
with the exact 3D Ising values. On the other hand, in a re-
cently published SANS study of this fluji@1] we saw that

the density fluctuations of the droplets are sufficiently well
described within the mean field approximation. This result
can be understood spontaneously because the mean field
theory is an extreme case, which is applicable when the tem-
perature is far from the critical point and the correlation
length of the droplet density fluctuation is smaller than the | I
range of an interaction between droplets. 0.091 0.095
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Within the range of mean field and 3D Ising behavior, the ~FIG. 1. Obtained binodal temperaturgg and spinodal tem-
temperature dependence of the susceptibfiijyand of the  PeraturesTs for various droplet concentrations. The concentra-

correlation lengtre follow a scaling law according to tion was varied using the dilution method from the batchkpef0.2.
The Tg's were defined by the “kink” of the critical scattering
Sy=C77 7, §&=¢&7 Y (1) divergencgsee Ref[15]) and theT¢'s were defined by the extrapo-

lation of the critical divergence according to the mean field approxi-

whereC is a critical amplitude wittC=C in the 3D lIsing me_ltion. T_he solid and_ the das_hed lines are the binodal and the
range and C=C,r in the mean field range, and spinodal lines, respectively, which are a guide for the eyes.
=T =T /7.t is the reduced temperature. Far from
the critical point, a mean field temperature dependence of the Gi=0.068C. /Cyp)*Y, (4)
susceptibility withy=1.0 is expected. On the other hand, in
the nearest neighborhood ®f the susceptibility should be in terms of the ratio of the critical amplitudes & of 3D
described by the scaling law of the 3D Ising model becausésing and mean field randd 9].
of £&— at T.. The transition between 3D Ising and mean
field behavior is estimated by the Ginzburg criterion which Il. EXPERIMENT
gives for low molecular weight liquid systems a value of . . )
7=~0.01[17]. This value ofris defined as the Ginzburg num-  SANS experiments were carried out at the SANS-U dif-
ber Gi. fractometer in the JRR-3M reactor of Japan Atomic Energy
As we mentioned above, Anisimat al.[17] and Belya- Research InstitutgJAERI. The experimental conditions
kov and Kisele\[18] proposed a new expression for the sus-Were as fqllows. The |n0|dent neutron beam wavelength was
ceptibility describing the fluctuations of the order parameter=7 A with a resolution ofANA=10%. The covered
over the whole one-phase regime including the asymptotiéange was 310 *<q<8x10 * A" whereq is the scatter-
scaling laws of Eq(1). Therefore the hitherto applied scaling ing vector. Each sample was kepta 1 mmthick niobium
theories are included in the crossover function. This functiorfell with a quartz window, placed in an electronic furnace
is based upon the renormalization group theory andean C(_)ntrolled within=0.003 K. All the sqmples were prepared
expansion with the 3D Ising and mean field behavior as aswith the same water to surfactant ratio of 5 ml of water to 3
ymptotic laws near and far from the critical temperature,d of AOT. This is the same ratio that was used in the previ-
respectively. They presented the following relationship beOus experiment§10—13,21-28 The volume fraction of
tween the renormalized susceptibili§y= Sya,Gi and the bpth water and surfactant against the vyhole voll_Jme is de-
renormalized temperature=7/Gi, wherea, is the coeffi- fined as the order parameter. This value is proportional to the
cient of the second order term of the Landau free energgiroplet number density. Amounts of 99% AQ3upplied by
expansion of the system in terms of order parametand is  Fuka and Aldrich, 99%n-decangby Katayama Chemicgl

identical to the inverse of the critical amplitu@: and 99.9% RO (by Isotec Inci were mixed without any
further treatment and used within three days after opening
;:(1.;_2.33%/7)@—1)/%@614_(14. 2_33$é/v)—7m]_ the seal of the bottles. In this experiment, samples with

2) $=0.096, 0.098, and 0.099 were prepared because these
compositions are rather close to the spind@dl,22. How-
The critical exponents included ae=1.24 andA=0.51 of  ever, as we have already pointed ¢R2] the critical com-
the 3D Ising model. For the classical limit wit#>Gi, this  position could never be achieved; i.e., we could not find any

equation readfl7,1§ contact between the spinodal and binodal even though we
R studied samples at small concentration steps within
Sy '=(7—1)[1—1.098 7— 1) 041y, (3)  0.092<¢=0.099.(See Fig. 1. The samples were prepared

using the dilution method. Therefore the critical phenomena
which is the correction to scaling form of E(l). For 7<Gi  will be discussed on the basis that the critical droplet density
one obtains from Eq(2) the scaling form of Eq(1) with  fluctuations diverge at the spinodal temperatilicewhich
C.=1.902GP?"Cy;r [17]. The Ginzburg number is then plays the same role as the critical temperaflye
given by The measured two-dimensional data were radially inte-
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FIG. 3. The temperature dependence of the obtained radius of

. . L . tion for four samples. The horizontal axis indicates the tem-
FIG. 2. Typical examples of the obtained scattering intensity?'2 . )
yp! xamples : S g | S! yperature difference from the binodal temperatlige

presented in the Guinier plot. Most of the data could be approxi-
mated by Guinier formula Eq. (6) in the range
1.0x10°<q’<2.5x10"° A"?, however, the profile from the up- aboveTp (lower pan. This evidence suggests that the drop-
per part of the decomposed sample has no straight line region in thigat structure is not constant through the phase decomposition.
plot. This result suggests that the structural change of the dropletq the “guasi-one-component picture” seems to break down
structure occurs at the decomposition temperature. near the critical point. This observation might mean a change
, , , ) of the hydrophile-lipophile balance with increasing tempera-
grated and calibrated using the incoherent scattering standafgye [24]. The quasi-one-component picture, however, might
of Lupolen. The total scattering cross sections be realistic within the one-phase region bel®y, sinceRg
changes only within 0.5 A/K. Note that the droplet radius is
o= f q*1(@)dq=2mpu(1— ¢u)Ap? (5)  quite sensitive to the composition fluctuations which occur in
each mixing process, aridg for ¢=0.098 was a little dif-

were calculated for each sample using the evidence that tH&rent from others. , ,

scattering intensities followed the Porod law at highegion The form factorP(q) of the droplets is described by the
(@=4x10"2A~1). All the scattering intensities were normal- Guinier formula. The structure factd(q) describing the
ized usingltotal in order to avoid artifacts. The details were density flulctuat|ons of thg droplets.was obta:ned by dividing
described in our previous papi2l]. In Fig. 2, typical ex- the experimental scattering .funct|dr(q)/|t°‘a=P(q)S(q)
amples of scattering profiles are shown by a Guinier plot?Vith the form factorP(q). In Fig. 4, typical examples of the
i.e., the logarithm of scattering amplitude versus the square
of g. In the one-phase regiofsolid circle, inverted open
triangle, all the profiles could be approximated by the
Guinier formula,

$=0.098

0.8 r

T T T T

P(q)=exp—R&0%/3), (6)

in the range of 1.810°<g’<2.5x107°® A™% From this  _

approximation, the radius of gyratid® of the droplets was = 0.5

obtained. In the same plot, one sees in addition the scatteringees

profiles from the two parts of the decomposed phase: the

upper (solid squarg (droplet-pooy and the lower(open 03

square (droplet-rich part. On the one hand, the scattering

profile from the lower part also shows a straight line region 0.2

in the Guinier plot. On the other hand, the scattering profile

from the upper part of the decomposed sample is completely 01

different so that the Guinier formula could not be applied

any more. 0 1 2 3 4
The values oR¢ of the droplets in the one-phase region q 2[1 O'A'Z]

and the lower part of the decomposed sample are plotted in

Fig. 3. R decreases monotonously with increasing tempera-

ture up to the binodal poirifg. Above Tg, the system de- FIG. 4. Typical examples of the structure factor in Zimm repre-

composes completely into two phases with a meniscus iBentation. All the structure factor in thig region can be approxi-

between, and the radius of gyration decreases more steeplyated by the Ornstein-Zernike formula E@).
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T Sy * for $=0.1031. The horizontal axis indicates the reduced tem-
perature;r=T; =T~ YT The solid line is the crossover equa-
N tion [Eqg. (2)] and the dashed line the scaling functidtyg. (1)].
FIG. 5. The inverses of the renormalized susceptiblﬂgyL for
all the samples are shown as a function of the renormalized tem-

peraturer. The solid line represents E®), which completely ex- 1 ,

plains the temperature dependence of the forward scattering in the Fs:—22¢(1_ b2’ b'=4 (8)
one-phase region, and the dashed line indicates the mean field curve

[Eq. (3)]. I',=—(ay/2+Ty). 9

btained structure factd h in the Zi lot: Note that the values df ;s are consistent with our previous
toh ained s rucf: ltjr:e ic t(q) ?rets own In the imm p Of’ thresult.(See Table 1 of Ref21].) It is the main result of the
€ inverse of the structure factor versus the square ot thg.agent paper that the asymptotic crossover theory described

momentum transfer. In the presented] region - : A :
= ~ _ . the critical behavior of this microemulsion system success-
(3.0x103<q=<7.7x10"% A%, S(q) could be approxi- y

) . fully.
mated by the Ornstein-Zernike law, The Ising regime at<Gi is determined from the defini-
tion of the Ginzburg criterion and the mean field regime is
S(q) =Sy /(1+ £2g). (7)  supposed to be at>300Gi[19,20. All the data are found

exclusively in the crossover region, i.e., between the 3D
Ising and mean field regimes. This figure clearly exhibits that
All the observed temperature variations of the susceptibilthe data are well described by the crossover formula pro-
ity Sy in the one-phase region, including the data alreadyhosed by Kiselev and co-workefd7,18. The Ginzburg
published[21], were fitted with Eq.(2). In this case, the number Gi being around 18 is between one and two orders
fitting parameters were the spinodal temperaluyethe Gin-  of magnitude less than that for low molecular weight liquids.
zburg number Gi, and the critical amplitud®,-. All the
data are shown in_Fig. 5 where the inverse of the renormal- IV. DISCUSSION AND CONCLUSIONS
ized susceptibilitySy* is plotted versus the renormalized '
temperaturer. The solid line indicates the theoretical curve  In Fig. 6 the experimentalS;* of the sample with
according to Eq(2) and the dashed line is that of E). $=0.1031 is plotted versus as a typical result. The solid
The resulting parameters are listed in Table I, in which thdine is according to the crossover function of Eg), while
generalized Flory-Huggins parametdrs and I', are also the dashed curve is the calculated 3D Ising curve, where the
listed as calculated bj21] critical amplitudeC , was calculated by Ed4) (see Table)l

TABLE I. Results from the crossover function E®).

& T A0 3K™ Gi (units of 10°%) Cyr (units of 1072 I's r, C. (units of 1072
0.0744 3.1940.006 0.4:0.9 6.5-0.8 13.6 —-21.3+1.0 1.951.2
0.096 3.236:0.001 1.70.5 2.70.1 13.7 —32.5+0.7 1.1+0.1
0.098 3.268-0.001 2.91.9 4.0+0.4 13.8 -26.4r1.1 1.9+0.5
0.099 3.229-0.001 2716 4.7+0.4 13.8 —24.4+0.9 2.2¢0.5
0.1031 3.2080.001 0.3-0.2 5.6-0.2 14.1 -22.9+0.3 1.5+0.3

0.1278 3.159:0.002 1711 5.5-0.4 16.4 —25.6£0.7 2.3£0.5
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The dashed line would describe well the data belowsmaller and larger for the 3D Ising and mean field asymp-

7<3x10* if accessible by experiment. In the measuredtotic behavior in comparison to low molecular weight lig-

temperature range, however, the experimental data deviatéds.

appreciably from 3D Ising behavior. Since we were unaware |n this paper we have shown that the critical phenomena

of the crossover function at that time in our previous papein the water-in-oil droplet structure microemulsion system

[21], the same data were interpreted quite satisfactorily in.an be explained by the asymptotic crossover model pro-

terms of the mean field approximation. This ShOWS, as alposed by Be|yak0v and Kiselev. By app|y|ng their equation

ready discussed in Ref20, 29 that the analysis of the data to our experimental results, the Ginzburg numbers were ob-

with the scaling law of Eq(1) is misleading, and that a tained for some mixtures. These values are one or two orders

reliable analysis of the data can only be performed with amhf magnitude smaller than simple fluids. Therefore most of

expression that is also valid within the crossover range.  the data were found in the crossover regime rather than in the
To summarize the main result of this paper, the densifyscaling regimes, and the critical exponent cannot be defined

fluctuations in this microemulsion system, as measured bgxactly within the framework of one critical universality.

the susceptibility, can only be reliably interpreted in terms of

the crossover function of E@2). All experimental data were

found within the crossover range with a Ginzburg number of ACKNOWLEDGMENT
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