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Universal surface scaling function for critical adsorption
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We present an accurate determination of the one- and two-phase universal surface scaling function which
describes critical adsorption at noncritical interfaces of critical binary liquid mixtures in the strong surface field
limit. The 95% confidence levels for this function are also determined. This function quantitatively describes
ellipsometric critical adsorption data for three upper critical and one lower critical binary liquid mixtures.
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PACS numbsgs): 68.35.Rh, 64.60.Fr, 68.16m, 82.65.Dp

For a binary liquid mixture, or even for a nominally pure (=0.328[5]) are critical exponents and the temh_t# de-
liquid (which necessarily possesses some impujitiasl-  scribes the shape of the coexistence curve for the binary
sorption of the liquid componerfor impurity) possessing the liquid mixture. The functiorG..(x,y) is predicted to beini-
lowest surface free energy occurs at all liquid/vapor andversal with differing forms in the one- and two-phase re-
liquid/solid interfaces. This preferential adsorption is alsogions. The functional form fof5..(x,y) is not well under-
found in the two-phase region of the liquid mixture, providedstood and only recently have experiments been designed to
a layer does not form at the interfaldd. The composition in  examine the dependence upon the surface figl]. In this
the vicinity of the interface will therefore vary with distance paper we are only interested in a limiting case of this func-
z away from the interface. Concomitant with this composi-tion, for strong h, fields, where sufficiently close td. the
tion variation mechanical properties, such as the local viscodfirst few monolayers at the liquid/vapor surface are com-
ity and the mutual diffusion coefficient, will vary with dis- pletely saturated with the preferred component so that
tance z near the interface. We therefore expect the flowm. (z,t) simplifies to
properties in porous medigmportant in oil extraction pro-
cessep the spreading properties of droplets, surface chemi- m.(z,t)=M_tPP.(Z/£.), (1)
cal reactions such as electrolysis and catalysis, and the per-
meability of membranes to be significantly influenced by thewhereP.. (X)=P. =G..(X,») is again auniversal function
presence of adsorptidi2]. Adsorption also plays an impor- which assumes differing forms in the one- and two-phase
tant role in other areas of physics, such as the aggregation oégions. This simpler situation is believed to occur most fre-
colloidal particleq 3]. Before a quantitative understanding of quently in natureP.. is predicted to exhibit a power law
the influence of adsorption on these diverse processes can Hecay at smalk(<1) which crosses over to an exponential
obtained, the local variation in the composition with distancedecay at largex(>1) [8].
zdue to this preferential adsorption must be more completely It is extremely important to prove the existence of the
understood. surface scaling function&.. and P. because these func-

The adsorption profile exhibits surprising universal fea-tions form the very foundations on which surface critical
tures near theritical point of the binary liquid mixturd4]  phenomena are built. Although FdG postulated their exis-
and it is in this region of the phase diagram where adsorptiotence many years ago it is not self-evidéat least to an
is most well understood. The adsorption is described by thexperimentalist that such functions can be found because
Fisher—de Genned§dG) scaling theoryf4] where a surface surface critical phenomena must compete with nonuniversal
field h,; determines the composition of the first molecularlong-range surface forces. In fact, up until now there is no
layer immediately adjacent to the surface. The adsorptiomvidence that a single universal function can be found which
structure varies away from the surface over a distance of theill quantitatively describe critical adsorption for many dif-
order of the bulk correlation lengtlg,. = ,-t ™", where the ferent systems. A number of different techniques have been
reduced temperaturé=|T.—T|/T., v»(=0.632[5]) is a used to study critical adsorption at liquid surfaces. None of
bulk critical exponent, and the+ (—) subscript refers these techniques directly measures the local order parameter
throughout this publication to quantities in the oriewo-) profile m(z,t). Instead an integral ovan(z,t) is measured
phase region of the liquid mixture. The distangée, over and therefore it is difficult to obtain direct estimates of the
which the adsorption structure is correlated, obviously di-functional form forP.. . A neutron reflectometry experiment
verges as the critical temperatufle is approached. The [9] has confirmed the power law behavior Bf at smallx
local adsorption at a distana@€>0) from the surfacdatz  while analysis of a number of optical experiments figs
=0) is governed by the local order paramete(z,t) verified thez/ ¢ dependence oP.. [10], (i) measured vari-
=@ (z,t) — ¢ (+=,0) wheree, (z,1t) is the local volume ous integrals oveP. [11,12], and (iii) determined various
fraction of the lighter liquid componeniL) and¢, (+«,0) is  universal numbers which enté, [8,12,13. However, the
its critical volume fraction. FAG predict tham.(zt) form for P, determined from several different experiments
=M_tAPG.(z/£. ,hit™21), where A;(=0.5 [6]) and B8 [12] differs by more than 100% at intermediate values of
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6 v TTTTT T T T TTTTT T applicable to colloidal particlecan be quantitatively under-
a) stood. The purpose of this publication is therefore to demon-
strate that one can find a universal functiBn (x) which
X describes a number of different ellipsometric critical adsorp-
tion experiments. The universal functional form ¢ (X) is
4k € X - determined to within a few percent and is compared with a
% number of other determinations féx.. .
= X According to our definition for the local order parameter,
+ m(z,t), the universal surface scaling functifn. must take
&8 the limiting forms P, ()=0 and P_(«)=1 in the bulk
P liquid so that the order parameter is either zero or describes
the shape of the coexistence curve in, respectively, the one-
R or two-phase regions. At criticality, whete=0, we expect
1 7SR — the adsorption to remain finit@nd nonzerpso thatm(z,0)
must lose its dependence upon the reduced tempergture
this requirement implies that the smal{<1) behavior for

| ; .
0 I the surface scaling function must Be (x)=c..x " #* where
c, andc_ are universal numbeigt]. In general, this is the
5| 4 first term in an asymptotic expansion for sntallvhere[16]
Po(X)=cox AVcp xE Ay, x2AI4 ... (2)
4 |
- andc,. etc. are universal numbers. Additionally, second or-
% sl | der phase transitions are continuousTat therefore, we
o must haveP , (x)=P _(x) att=0 which requires thaf16]
2 - — Crle_=(&osl€0-) P, ©)
where the correlation length amplitudes have a universal ra-
1 - - tio Rg=§&q /&,-=1.96[17]; a similar condition also holds
betweerc,, andc,_, etc. At largex(>1) theP .. functions
0 L1 1 lirin = | exhibit exponential decay which takes the general f68in
.01 A 1 4

X Pi(x):Pi(oo)—}—the_X—l-Plte_2X+...’ (4)

FIG. 1. Surface scaling functio8, (x) and P_(x). Models:
P1 (heavy solid ling, RG (dashed-dotted line and MC (dashed
line). The 95% confidence levels for thel model(Table ) would

whereP,,.. etc. are universal numbers.
Theoretical estimates for some of the universal coeffi-

be barely discernible and have been omitted for clarity(a@nwe _C'e’?ts in Eqs(2) and (4) have been provided by renormal-
additionally have the EP modéiiotted ling and the experiment of |zat|on.group(RG) theory (to .order €) [,16]' Monte Carlo
Zhaoet al.[9] (light solid line), while the shaded region represents (MC) simulationg21], and an interpolation scheri#2]; the
the variation in theP., (x) functions determined from various ex- different methods of calculation only provide qualitative
periments by Flter and Dietrich[12]. In (b) the P_(x) function ~ agreement with each other and with experimefit3]. In

determined by Flter and Dietrich for the experiment of R¢eg]is ~ addition the manner in which the asymptotic form at small
also shown(light solid line). crosses over to the asymptotic form at largés not well

understood and the various estimates for the form of this

x(~1) (Fig. 1, shaded regignand therefore these experi- crossover, in the region where it occurs near1, differ
mental determinations d?, cannot be claimed to fulfill the considerablyFig. 1). Liu and Fishef8] have suggested vari-
universality requirement oP, . ous Ansaze which correctly possess the leading order terms

It is very important to quantitatively determine the func- for small and largex. The most consistent form that they
tional form for P because this functional form will not only suggest is perhaps the “exponential-PadéEP) profile
allow us to more clearly understand the local mechanicalvhich we discuss in more detail below.
properties(e.g., local viscosity and mutual diffusion coeffi- ~ Smith and Law[11] have shown how to determine the
cienp in the vicinity of an interface buP. also forms a universal number§P.. = [§[ P (x) — P (%) ]dx from ellip-

“limiting function” for many other important situations near g atric datd p(t)] collected at sufficiently large reduced

a critical point of a binary liquid mixture. Specificallgi) the temperatures. They deduced the universal numbg2g]
functional form ofG..(x,y), where the surface field; is no

longer large, can obviously never be quantitatively under- o

stood until the simpler functiof . is determined precisely, f P+Ef P (x)dx=1.97+0.08, 5)
(ii) finite-size effects in critical film§4,14] cannot readily be 0

understood until the semi-infinite system, whére is appli-

cable, has been determined, diid an understanding d®.. f P = fx[p_(x)_l]dle_%i 0.13 (6)
is required before nonplanar geometriesg., sphere§l5] 0
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from a number of different critical liquid mixtures. At small

t, the ellipticity p must be determined by integrating Max-
well's equations using a particular model for the interfacial
dielectric profilee(z,t), which is related to the volume frac-
tion ¢ (z,t) through the Clausius-Mossotti equation. In a
later papef13] Smith et al. also demonstrated that the nor-
malized value ofp, —pp. , Where p,g, is a weakly
temperature-dependent background term, falls on an approx
mate universal curve when plotted as a functiog pf(rather
thant); in this plot the value of¢, , wherep, exhibits a
maximum, allows one to estimate the universal ra#g]

¢, /P, ,=0.75+0.17. )

The ultimate aim of theory and experiment is to determine
the universal functionsP. so that once the system-
dependent parametdrsl _, &y, , ¢ (+=,0), and refractive

indiced are known then the critical contributions o.(t)
can be determined for any given critical liquid mixture. With
this objective in mind we have reanalyzed the experimenta
data of Smith and LawW22], using the following model for
P, which has been carefully chosen to exhibit the correct
scaling forms in the asymptotic region24]. At small x
(<Xo-) we retain all terms up to and including tk&~#"”
term in Eq.(2) while for largex(=xy-) we retain all terms
up to and including the™?* term in Eq.(4). For simplicity,

we chosexg, =Xg_ =X~ 1 [25]. In our model we have nine
unknown parameters, specificallg,., C1+, Pos, P+,
andXy. These nine parameters are constrained by five nec
essary constraints, that any physically reasonable scalin
function must possess, and three experimental constraint
The five necessary constraintare the continuity ofP. (x)
anddP..(x)/dx at x=x, and the continuity ofP..(x) att
=0 [Eq. (3)]. The threeexperimental constraintare [P, ,
JP_, and the ratioc, /P.. . [Egs. (5)—(7)]. We call this
model the_Pl mpdel [represent_ing .the fact that derivgtives (AC), nitrobenzenet hexane(NH), and isobutyric acidt water

up to and 'r_]CIUd'ng the, first derivative &f.(x) are continu- (IW)] and one lower critical solutiof2,6 lutidine + water (LW)]

ous. The_elg.ht constraints leave .only one free parameter, \here the experimental data are from RE22]. The circles
The application of these constraints, for determinihg, is  (squarepare for the one¢two-) phase region. Iita) we also show
quite complicated; we plan to describe our procedure in théne EP(light solid line), RG (dashed-dotted lineand MC models
future[20]. For a particular value of,, we solve Maxwell's  (dashed lingfor the AC mixture while the inset shows the residuals
equations using thB1 model fore(z,t), to obtain the ellip-  R= (5~ pp)/a™, for the P1 model for all four mixures in both
ticity pp1(t) at a reduced temperatute This procedure is the one- and two-phase regions. The agreement between the EP,
carried out in both the one- and two-phase regions for thé&G, and MC models with experimental data for the mixturego)n

four critical binary liquid mixtures studied by Smitet al. s similar[13,20.

The average rms deviation @f for these four mixtures is  , enaration, temperature stability, influence of small thermal
then calculated using the standard formular,  gragients €1 mK/cm for our experimenisand knowledge
={Z]L1[pi(t) = ppa(t) 17/(N—n)}*2 where pi(t) represents of the system-dependent parametifs and &, ., .

the experimental data\(=400) is the total number of ex- If we assume that™0, is a good measure of thieue

i I d i =5) is th ber of adj Ay —
perimental data points, am{=5) is t € number-of a Just- experimentabtandard deviation fas(t) then we can use the
able parameterg26]. The crossover distanog, is adjusted

o P1 model and they? distribution to estimate upper and
, is deter-

until the minimum value foro,, denotedo, lower 95% confidence level@7]. According to this distri-
mined. Excellent agreement is found betweenfiemodel tion for the number of degrees of freedom=N—n

and the four critical binary liquid mixture&ig. 2) for the —1395 the reduced(ﬁzl.lz at the 95% confidence level.

parameters given in Table I. If we assume that ghéata  Accordingly we modify theP1 model, with the condition
collected from the four liquid mixtures represent the typicalthat the necessary constraints must haldt the experimen-
agreement that one can expect between a good modeLfor t5| constraints do not necessarily have to holy adjusting
and experiment then;'s, =1.38< 10" * provides a measure ¢, until y2=1.12 for fixedx, andP... (Table ); similarly
of the typical errors ip due to measurement error, sample we adjustP,,.. until y2>=1.12 for fixedx, andc.. (Table .

FIG. 2. Comparison of various critical adsorption models with
ellipsometric data. In this figure tHe1l model(heavy solid ling is
compared with three upper critical solutidmsiline + cyclohexane
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TABLE I. P1 model paramters¥95% confidence levels

c,=0.787"3%%, c_=1.116'33%, P.., =0.955 1% P._=0.584" 331
Cry=—0.242, ¢;_=0.169,P;, = 1.482,P,_ =0.486, Xo=1.17, o =1.38x 10" *

The true surface scaling functiofs. (x) most probably lie possesses a very similar shdpég. 1(a)]. It appears there-

in the overlap between these two regions. The residuals fdiore th{:\t the 'disconti_nuity ird?P.. /dx? at x, for the P1

the P1 model[Fig. 2(a), insef demonstrate that this model model is relatively unimportant.

provides an excellent description of the data. In this publication we have determined expressions for the
TheP1 model fits the experimental data considerably betuniversal surface scaling functioR.(x) (Table ) which

ter than either the RG or MC models, Figapand Ref[13]. ~ describes critical adsorption at a semi-infinite, noncritical in-

The P, function determined from a neutron reflectometry terface of a critical binary liquid mixture, in the strong sur-

experimen{9] lies further from theP1 model than the MC face field limit. This is a demonstration that the concept of

curve [Fig. 1(a)], therefore, this neutro®, function wil surface universality, which predicts the existence of univer-

. H 1 =+ . . .

provide worse agreement with the ellipsometric data than tha@! su_rface scaling functions, holds despite the presence of

MC model. One disadvantage of tiRd model is that it is nonuniversal long-range surfape forces. We have estimated

discontinuous ird?P_. /dx? atx,. Our model can be system- the upper and'lower 950/.0 confidence Ievelsl?qx(x)'(Table .

atically improved b7y considering additional terms in thel) between which we believe the true surface scaling function

asymptotic sequencedEgs. (2) and (4)] and requiring an must lie. Hopefully this accurate experimental determination

appropriate number of higher derivatives to be continuous a f. P%(X) will S“”_‘“'é_‘te further theoretical develop_ments n

Xo, SO thatx, remains the sole adjustable paramggg]. In s field and assist in the study of weak surface fiels (

Fié 2(a) we also show a comparison between the EP mod eometry-dependent effects on critical adsorption, as well as

and experimental data where we have required that only Eﬁnite—size effects in critical films. We also believe that the

(5) hold [20]. The agreement is good, however, the Iargerunction P_.(x) may be useful in understanding local me-

value ofam‘2p=1.55>< 10~* for the four liquid mixtures in- chanl_cal properties in the vicinity of an interface when pref-
P erential adsorption is present.

dicates that thé>1 model provides a better fit to the experi-
mental data . The functioR, , for the EP model, lies just This research work has been supported by the National
outside the 95% confidence levels for tRd model and Science Foundation through Grant No. DMR-9631133.
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