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Ellipsometric study of undersaturated critical adsorption
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At the liquid-vapor surface of a criticadB binary liquid mixture, if the surface energies,<og, then
componenfA completely saturates the surface and one is in the regime of strong critical adsorption where the
local volume fraction at the surface is solely a functioretf where¢ is the bulk correlation length aralis
the depth into the liquid. If, howevetrp~ oz then the surface composition is a sensitive function of the
surface energy differencAo=o,—og and the surface is “undersaturated.” We study this undersaturated
critical adsorption regime using a homologous series of critical binary liquid mixtures. Comm®emthyl
formate is fixed, while componeni is varied fromn-undecane to-tetradecane. With increasing carbon chain
lengthAo changes systematically from a negative to a positive value. We find that the experimental results, in
both the one- and two-phase regions, are well described by a universal surface scaling famtigh,t 1),
whereh;~Aq, t=|T,—T|/T, is the reduced temperature relative to the critical temperaflye @ndA, is a
universal surface critical exponent. These results are in conformity with theoretical predictions.

DOI: 10.1103/PhysRevE.65.011601 PACS nuni)er68.03.Cd, 64.60.Fr

[. INTRODUCTION tion v(z) of the adsorbed componefrelative to its critical
valuewv,) is given by[6,7]
The surface critical behavior that occurs at the interface
between a noncritical spectator phase and an adjacent critical m..(2)=v(2)~v, @)
system is governed by the appearance of universal surface _ P
critical exponents and universal surface scaling functions. =M_t"P.(Z¢.), 2

These universal features are a consequence of the boundzw‘ere,vI _t# describes the shape of the coexistence cusve,

conditions placed upon a semi-infinite three-dimensional_ 0.328[4]) is another universal critical exponent, and

system[1,2]. Hence, such features are very common and ar
found at all noncritical interfaces adjacent to critical systems. P.(¢)=0 and P_(x)=1 3)

For example, boundary conditions determ{inethe variation

in the local density at the interface between a container walin order to conform with the behavior of the order parameter
and a critical pure fluid(ii) the preferential adsorption and in the bulk (z/&.—2). Although the universal surface scal-
its variation with depth at the liquid/vapor surface of critical ing function P. was predicted to exist more than 20 years
binary liquid mixtures or critical binary alloys, an@i) the  ago[6], it has only been in the last few years that theoretical
surface orientational order between a uniaxial ferromagnegstimates of this function have become availaf8e-10],

and a neighboring noncritical pha$g]. Perhaps the most which provide reasonabldut not exagtagreement with re-
well-studied example for this type of surface critical behav-cent experimental measuremeft$,12. Corrections to scal-

ior is critical adsorption, which occurs at the interface be-ing [13] may be able to explain this discrepancy between
tween a critical binary liquid mixture and, for example, the theory and experiment.

(noncritica) vapor phase or a container wall. In critical ad- A more complicated situation arises if the two compo-
sorption the component that possesses the lowest surface arents,A andB, of the liquid mixture possess similar surface
ergy preferentially adsorbs at the surface. For strong criticaénergies a~og); now the first few monolayers will no
adsorption in anAB mixture, the surface energies differ longer be completely saturated with one of the components,
greatly,ca<og, and componenf almost completely satu- and one is in the regime of weak or competitive adsorption.
rates the first few monolayers of the interfag z=0).  Critical adsorption now depends upon an effective surface
However, this surface saturated layer must decay with deptfield

z (=0) to the bulk critical composition over a distance gov-

erned by the bulk correlation length. = &,.t~ 7, where the hy~oa—0s (4)
subscript+ (—) corresponds to a quantity in the or{éwo-)
phase region of the liquid mixture, (=0.632[4]) is a uni-
versal bulk critical exponent,=|T—T|/T, is the reduced

[which will be defined more precisely below, EQ1)] and
the local order parameter takes the foii

temperature relative to the critical temperatiig and the m.(2)=M_tAG’ (z/£. ,hit 1) (5)
system dependent amplitudg- has a universal amplitude B B B
ratio R;=§&,, /&,_ (=1.96[5]). The variation in composi- =M_tPG.(Z/¢. 2 }s), (6)

tion with depth is governed by a universal surface scaling

function P.=P. (z/£.), which acquires differing forms in  where GL. =G’ (x,y’) and G.=G.(x,y) are generalized
the one- and two-phase regimes. More specifically, the locaurface scaling functions. The transformation from €&jto
order parametem(z), which governs the local volume frac- Eq. (6) involves a simple change of variables wheye

1063-651X/2001/64)/01160112)/$20.00 65011601-1 ©2001 The American Physical Society



JAE-HIE J. CHO AND BRUCE M. LAW PHYSICAL REVIEW E65 011601

v(z) creasinghy, the surface order parametar(~h;) increases
A while, at the same timd,,. [~ h;”’Al, Eq. (7)] decreases

\ towards zero and thus, in the limit of an infinitely strong field

G\\ (hy—=), m(z) is completely described by the strong field

surface scaling functioP  (z/£,). One can qualitatively
understand therefore, from the representation provided in
Fig. 1, thatG.. differs from P_. only very close to the inter-
face at G=z=<l,.. Therefore, weak field effects will be
more evident for larget,. [corresponding to smallen,,
Eq. (7)], namely, for systems with very similar surface ener-
v ; L gies for the two componentd and B compared with the
20 b E, z thermal energy.
Desai, Peach, and Franfks] conducted the first innova-
FIG. 1. Schematic plot of the local volume fractioz) as a  tjye experimental study into the weak critical adsorption re-
function of depthz into an AB critical liquid mixture in the one- gime. They studied the critical mixture carbon disulfide and
phase region. If the surface energy< o then the surface is com- nitromethane in contact with a heavily silylated glass sur-
ple?ely saturated with componest .[U(O)zl] anc_:l v(2) is de- face. The silylated layer, on the glass surface, slowly de-
scribed by the surface scaling functi®n (dashed ling for strong ' ' 7
critical adsorption, which varies as (z/&,) " for z=¢. and graded(or k_)ecame hydroxylated due tq adsorption of water
~e~Z¢: for z=¢&, . If, however,a,< o the surface is no longer ©OVer a period of 11 days; the adsorption preference conse-

completely saturated with componeAtand, in fact,v(0)~|h,| quently changed continuously from strongly carbon disulfide
where the surface field, ~ o, — o [EQ. (21)]. In this casep(z) is ~ On day 1 to strongly nitromethane by day 11. Around day 5
described by the surface scaling functi@, (solid line) where the surface field was very small and the adsorption of both
G, ~z* for z=l,, [~|hy|~"*1, Eq.(7)], which crosses over to the components was approximately equally probable. The weak
P, function forz>1,, . An extrapolation lengtlz, [see Eq.(31) field data resulting from this experiment seemed, at first
and Sec. IV for detailsensures that (0)=1 for the P, function  glance, to be at variance with theoretical expectations. This
andv (0)~|h,| for the G, function. In the limit of very largeh,, stimulated a flurry of theoretical workl4,16-18, which

Ih+—0 and theG, function is coincident with thé> . function. subsequently provided a qualitative explanati@] of the

weak field experimental results. For this critical mixture

=7/l =xy'”*1 and, therefore, the new length scale associsolid surface system it was not possible to quantify the mag-

ated with theh; field is given by nitude of the surface fielth; as the adsorption preference
A changed; this lack of information precluded a quantitative
Ihe= &0 [a| 7721, (7)  comparison between theory and experiment.

Recently we have approached this interesting weak field
which acquires Sllghtly differing values in the one-and two- regime from a S||ght|y different perspecti\{éO]_ We exam-
phase region. The surface critical exponéntis discussed ined the liquid-vapor critical adsorption behavior for a ho-
in more detail in the following section. In the limit of a mologous series of critical binary liquid mixtures where one
strong surface field, which is schematically represented bléomponent,B (methyl formaté, remained fixed while the
h;— + [where the+ (—) sign corresponds t&(A) ad-  other componentA, was varied fromn-undecanedenoted
sorption, according to Eq4)], the surface scaling functions C11) to n-tetradecan€C14). In this systenu,~ o and the
G. andG’. become insensitive to the specific valuetaf  adsorption preference at the liquid-vapor surface changed
and these functions crosses over to the strong surface scaliigm n-alkane to methyl formate with increasing carbon
function, namely, chain length. Thus, this homologous series of critical mix-

tures allowed us to tune thwg field from negative to positive
GL(Zér ,x2)=G.(Zé. ,x2)=P.(Z/éx). (8  values with increasing chain length while, at the same time,
providing a quantitative measure of the magnitudehgf
The variation in the local order paramete(z), within the  through the difference in surface tensions between the two
one-phase region of a critical mixture, is schematically decomponents. Thus, in this case, it was possible to quantita-
picted in Fig. 1 when a weak surface field is present. Accordtively compare theoretical predictions for the surface scaling
ing to theory(Sec. Il,[14]), the surface order parameter at function G, with experiment, at least, in the one-phase re-
the interfacem; =m(z=0)~h, increases with increasing  gion. The purpose of this paper is to expand upon our earlier
as m(z)~z", where k=(A;—B)/v=0.21 for 0<z=I,,.  work within the one-phase region and also to analyze the
At distances greater thah,,, the local order parameter more complicated two-phase critical adsorption behavior in
m(z) crosses over to the  (z/£,) surface scaling function, these weak field systems. This paper is set out as follows. In
where, for |, ,<z=<¢&, the power law behaviorm(z) Sec. Il we outline the theoretical predictions and provide an
~z PI" 6] is found while at larger distances(z)~e ?¢+ Ansatzthat conforms with these predictions. The experimen-
[7]. The maximum irm(z), which occurs at~I,, (Fig. 1)  tal methods and results are given in Sec. Il while the ellip-
is an unusual feature that arises naturally from the smalsometric data is analyzed in Sec. IV. Finally, the surface field
[m(z)~z*] and mediun m(z) ~z #/*] zbehavior. With in-  h, and its connection with the surface energy differenge
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—op is placed on a quantitative basis in Sec. V and thebe described by the normal transitioMore specifically, at-

findings from this research are summarized in Sec. VI. oms in the surface possess a lower coordination number
(compared with the bu)k which is expected to lead to de-
Il. THEORETICAL CONCEPTS creased order on approaching the surface @), however,

the presence of a surface fieldh{|>0) may compensate for

The theoretical work surrounding critical adsorption isthis lower coordination and give rise to an enhanced surface
very extensive and covers many different topics, where a@rdering. Many years ago Bray and Mod8] suggested
number of these topics amot directly relevant to experi- that the surface ordering induced at the extraordinary transi-
mental systems. There are a number of excellent, but soméon (c— —,h;=0) should be equivalent to the surface
what older, reviews of critical adsorption and its relationshipordering induced at the normal transitioo—¢,|h;| — ).
to wetting and other related surface critical phenomendhis equivalence between the extraordinary and normal tran-
[1-3]. More recent theoretical advances are reviewd@i  sitions has recently been demonstrated to be rigorously true
while [22] provides an overview of recent experimental de-[24,25. This one-to-one correspondence therefore allows
velopments. For the first time reader or experimentalist, whaheoretical results, derived for the extraordinary transition, to
is entering this field, the theoretical literature can be somebpe applied to the normal transition. Indeed, the experimental
what forbidding. Hence, in this section, we provide a briefsurface scaling functioR-. , which describes strong critical
guide to the nomenclature and concepts relevant for bothdsorption 11,12, was found to exhibit the expected power

strong and weak critical adsorption. law behavior
Critical phenomena is frequently modeled using lattice
models where the dimensionless neighbor-neighbor bond P.(x)~c.x P 0<x=1 (10

strength (normalized by the thermal energigpT) is K o _ )
=J/kgT, where, within the first surface layer a0 the &t mesoscopic distances from the interface, which at large
bond strength may differ from its bulk value and is thereforedistances, crossed over to exponential decay

represented bil;=J, /kgT. In the absence of any bulk field .

(h=0) and for zero surface fielch{=0), surface ordering P.(x)~P..e” x=1, (1)
can only be generated by the strengthkof relative toK;

hence the surface enhancement paranjéfer in agreement with the expectations of the extraordinary tran-

sition [8]. In Egs.(10) and(11) c.. and P.... are universal
o) numbers because. (x) is a universal function.
In reality, a value ofh;|— (present at the normal tran-
sition) is unrealistic; all real systems will possess a fifiiat
erhaps largesurface fieldh;. Therefore new surface phe-
omena, characterized by ordinary surface critical exponents

face at the bulk critical temperaturg,. This transition is (because;>0)ﬁ, 328 expected to bepome apparent atdistances
0<z=l,[~h 1, Eq. (7) and Fig. 1. Optical reflectom-

called theextraordinary transitionat the renormalization 1 )
group (RG) fixed pointc— —o. Conversely, in the other etry [29], ellipsometry([30,11,12 and references _there)m
extreme, for; <K the surface idess orderedelative to the ~Neutron reflectometry31], and evanescent-wave light scat-
bulk; at the RG fixed point— +, the surface transition at tering[32] have been used to study strong critical adsorption
T. is called theordinary transition Alternatively, at a spe- (oca<op). In all of these experiments there has been no
cific value ofc designated by, (with K;=1.5 K [23]), the cpncluswe ewdgnce for the_ presence of thls_ new surface re-
surfaceattains criticality at the bulk critical temperaturg,; ~ 9ime characterized by ordinary surface critical exponents.
this surface transition is called thepecial transition The 1S iS perhaps not surprising because these techniques typi-
extraordinary, ordinary, and special transitions each acquir&2!ly measure an integral over the surface structure; for ex-
differing surface critical exponents. For the extraordinary2Mple, sufficiently far fromTc, ellipsometry measures
transition, values for these surface critical exponents can b€ relative adsorptionl’~ fo[v(x) —vcldx~fo[P=(X)
deduced from Refg24,25, while for the ordinary and spe- — P=()]dx [33,34. Therefore, these techniques are sensi-
cial transitions they have been recently summarizei@@).  tive to surface structure on all length scales, and, especially
The surface can also become ordered via another mech@D large length scalesz{-£) away from the regime where
nism, which differs from that which occurs at the extraordi-ordinary surface critical exponents occur. By contrast, evi-
nary transition ¢— —o,h;=0). Forc— +o, where in the ~dence for the presence of “ordinary” surface critical expo-
absence of a surface fielti{=0) the surface is less ordered Nents were evident in surface tension measurenj@stsq
than the bulk(ordinary transitio, enhanced surface order conducted within the two-phase region of critical binary lig-
can be induced by the presence of a strong surfaceffield uid mlxtures[37]: .These measurements prov!ded a measure
which acts solely upon the surface atomga. In the limit ~ Of the surface critical exponedt; whose experimental value
of |hy|—o (andc— + =) the surface transition that occurs at (0-43+0.05[35], 0-44id0-06[36]) is in good agreement with
T, is called thenormal transition[27]. For critical binary ~the ordinary valueA7™=0.464[26], which differs signifi-
liquid mixtures, surface ordering corresponding to criticalcantly from either the extraordinaryAf*=—v=—0.632
adsorption is thought to be induced by the presence of 38]) or special(AiP=0.997[26]) surface critical exponents.
surface field and, thereforstrong critical adsorption should A discussion of the interrelationship between critical adsorp-

c~(K—=Ky)

is a relevant variable to consider. FHdg>K the surface is
strongly ordered, relative to the bulk, and the bulk undergoe
a disorder-order transition in the presence obaseredsur-
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tion and surface tension measurements, within critical binarynental data. 1n20], a simple “algebraic” crossover between
liquid mixtures, can be found if22]. Henceforth, throughout the asymptotic regimes described the one-phase weak critical
the remainder of this paper surface critical exponents, suchdsorption data well. However, in subsequent unpublished
as A, and B, will always refer to ordinary surface critical work this algebraic crossover function had difficulties de-
exponents. scribing the two-phase experimental data. In this paper we
As argued in the Introduction, this surface regime, inconsider an “exponential” crossover model, which describes
which ordinary surface critical exponents play an importantoth the one-and two-phase regions well. In this model
role, will become more prominent for largég (~hl_V/A1)

and hence for smallerh,. Ritschel and co-workers G.(xy)=[1-(1=X)(1=Y)]P.(x), (15

[14,16,17 considered this small surface field regime in de- _ (1A%

tail. Essentially they found the following. Xy =0, X-=(1-eH™, (16
(i) For smallh; and largec (i.e., close to the fixed point of Y=(1—e Y, (17)

the ordinary transitiop the parametec is a “dangerous ir-

relevant variable,” which cannot be naively set to its fixed x1=B1lv, yi=Alv, (18

point value ofc=c; instead, the effective surface field that

acts on the system is,=h, /c¥, wherey is a critical expo- z+ 2z, z+ 2z,

nent. The effective surface fiel is the parameter that ap- =7 Y e (19

pears in the surface scaling functioBs. [Eqg. (5)] andG . - T

[Egs.(6) and(7)]. Ci=1, C_=¢&:/& =R, (20)

(i) As hy—oo, the local order parameten(z) must be
described by the strong field surface scaling function/y. is described by Eq(7), and
namely, P. [Eq. (2)], in both the one- and two-phase re-

gions. h _(O'A_U'B)ILZr 21)
(iii ) In the one-phase region, fdr; finite, the following 7 kgT.
holds.
(a) For Z>|h+ the local order paramete‘n(z) must be Equat|0n§15)—(21) conform with Conditionf{i)—(V). An ex-
described by thé . function. trapolation lengthz, has been introduced into E¢L9). It
(b) For 0<z<l,, ,£. , then, services two purposes, as discussed in Sed¢Ey. (31)]: it
ensures thalP.. remains finite az=0 and it guarantees that
m(z)~h,z%, k=(A;—B)/v=0.21. (120  m.(z=0)~h, for small hy, in conformity with condition

(iiic). A constantC_ appears in Eq(19); it arises from the
(c) At h; =0 the local order parameten(z)=0 for allz,  continuity condition aff, [condition (iv)], where the conti-
while at smallh,, then,G. ~h;. _ _ nuity of P.. must also be taken into consideratipt0]. As
(iv) At T, the local order parameter is continuous, giscussed in the Introduction, the surface fiejdshould be
namely, proportional too,— og Whereo, (og) corresponds to the
_ liquid-vapor surface energy of thealkane(methyl formate
m.(2)=m_(2). (13 componentwithin the liquid mixture; hence, ih,;<0 (>0)
This equality imposes a constraint on the relationship bethe n-alkane (methyl formatg preferentially adsorbs at the

tweenG, andG_ as described below. liquid/vapor surface and(z) represents the local volume
(v) In the two-phase regime fdn,=0 and 0<z<l,_, fraction of n-alkane(methyl formate. The surface fielch;
£, [Eg. (22)], which is normalized by the thermal energyTat,
has been made dimensionless by introducing a new noncriti-
m(z)~z 1= Pvihe, (14)  cal length scalé, . This length scale is expected to be sys-
tem dependent and of the order of a molecular length. In
where 8,=0.803[26] for the ordinary transition. using this model foG.., a reasonable form must be selected

Conditions (i)—(v) are a consequence of simple scalingfor P_.. Throughout this paper we have chosen to use the
considerations near a continuous bulk phase trandifidh P3a model fron{12] for the P.. function, however, any of
These results have been checked against surface RG calgde P, models contained withifi11,12 could have been

lations to ordere [14,16 and Monte Carlo simulations in ysed with essentially identical results f@. as obtained
three dimension$17], as well as, exact results and Monte pere.

Carlo simulations in two dimensior[48,19,39. Addition-
ally, various generalizations of this weak field case to the
situation wheréboth h; andc are small, in the vicinity of the
special transition, have been considef&6]. Complete adsorption occurs at the liquid-vapor surface of
It is possible to construct a number of differelsaze  a critical binary liquid mixture if a sufficiently strong surface
that conform with conditiongi)—(v) above. In the spirit of field, hy, is present; under such conditions the first few lay-
Liu and Fishel{ 7], we expect that a simple crossover func- ers are saturated with the component possessing the lowest
tion between the various asymptotic regions will provide asurface energy. A strong surface field is relatively easy to
good theoretical description with which to compare experi-obtain—the components merely have to possess a suffi-

IIl. EXPERIMENTAL METHODS
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TABLE I. Liquid mixture material parameters.

Mixture ep? eg? M_ £.° (A) Ao (erglen?) Ven T (°C)
Cl1 1.994 1.793 0.950.10 2.2:0.2 —1.657 0.478 26.975
Ci12 2.000 1.786 0.980.02 2.0:0.2 —0.559 0.465 32.713
C13 2.006 1.781 0.980.07 2.20.3 0.424 0.460 37.473
C14 2.009 1.775 0.980.04 2.3:0.4 1.371 0.451 42.662

@0ptical dielectric constant from Reff61] recalculated aT ., where subscripA denotesn-alkane andB is
methyl formate. Note that the-alkane is the lighter component for all of the liquid mixtures.
®Measured via turbidity.

ciently large surface tension differende.g., |Ao|=|o,  to note that the densitya<pg for all liquid mixtures—this

— og|=10erg/cm) and, in fact, this was one of the primary Will be an important issue in the two-phase region where, in
considerations that we used in selecting appropriate criticdict, wetting occurs foA >0 (i.e., for C13 and C14{41].
liquid mixtures in our prior studies of strong critical adsorp- The parameteM _ was extracted from the coexistence curve
tion [30,11]. A second important consideration, which influ- for each of the liquid mixtures, while the critical volume
enced our previous choice of critical binary liquid mixtures, fraction v, was determined using the standard technique of
was to select mixtures where thighter component pos- finding that volume fraction where the upper and lower
sessed the lowest surface tension—such a condition guaraphases possessed equal volumes a few millikelvin into the
tees that we can study strong critical adsorption, not only ifwo-phase region. The determination of the effective surface
the one-phase region, but also in the two-phase refgith ~ energy differencé\o is discussed in Sec. V.

Obviously, from the form ofG..(x,y) [Eq. (15)] given in There are many different experimental techniques for de-
the preceding section, it is imperative that the strong criticatermining &, , including static light scattering, dynamic
adsorption surface scaling functio. should be known light scattering, and turbidity measuremef#g]. Frequently
very accuratelybefore the weak critical adsorption surface one finds that,, differs by upwards of 30% for theame
scaling functionG .. can be studied. Thus, the current experi-critical liquid mixture when studied by different groups, or,
ments could not have been accurately analyzed and intewhen studied using different techniques. We have found that
preted prior to the work of Carpenter and co-worKdrs,12.  one of the more accurate methods for determirigg is via
For a quantitative study of weak critical adsorption the twoan ellipsometric study of strong critical adsorption in the
components need to possess rather similar surface energiege-phase regimg30,11]. Ellipsometry measures the ellip-
(oa=~0g) Where preferrably one component is, for example ticity p at various reduced temperatutesee below. In the
ann-alkane so that a homologous sequence of critical binarpne-phase regiom, exhibits a peak gyeo) Whose position is
liquid mixtures possessing slightly differing surface fieldsdetermined by the correlation length, . On ap versus
can be studied. Additionally, the critical temperatures ofé, /N plot, ppeacOCCUrs at a universal value given pi]
these mixtures should be in a convenient temperature range
near room temperature. Critical binary liquid mixtures of an (&4 IN) pear= (€o+ 1 "IN) pea=0.064£0.006.  (22)
n-alkane (n-undecane taor-tetradecaneand methyl formate
fulfill these requirements and thus were selected for thidlence, for a critical liquid mixture of unknowd,. , by
study. With each additional carbon atom, the surface tensiofletermining the value dfwherep exhibits a peak, an accu-
of the puren-alkane increases by0.5 erg/cm; hence, the rate value for§,, can be determined from E(22).
surface field is expected to increase in small steps with in- It is not obviousa priori whether or not Eq(22) contin-
creasing chain length provided that the critical temperature ig€s to hold for weak surface fields. Therefofg, was de-
similar for each of the critical mixtures. termined independently using the technique of turbifity|

The n-alkanes(undecane, dodecane, tridecane, and tet(see Table)l In retrospect, the value @, calculated from
radecang together with methyl formatgMF) were pur- EQ.(22) is in good agreement with both the turbidity results
chased from Aldrich and used without any further purifica-(Table ) and with the results from thé . model(Sec. 4 and
tion. They had a stated purity of more than 99%. Teflon 0.5Table I)). Hence, even for weak critical adsorption, E#2)
um Millipore filters were used in the preparation of all provides a reasonable estimateégf. , provided the surface
samples to remove particulates. For each of the critical bienergy differencdA o|=0.4 erg/cré—corresponding to the
nary liquid mixtures, many different system dependent palowest value ofAo exhibited in Table I. In hindsight, this can
rameters must be independently measured in order to redué€ understood as follows: for the critical liquid mixtures
the number of unknown parameters in this study of weakstudied in this paper, althoughy is small, at sufficiently
critical adsorption. SpecificallyM _, v¢, &,4, Te, and smallt (in the vicinity of the p peak the scaling variable
Ao=o,—ag should be accurately determined for each lig-hit 21, which appears in Eq(5), is rather large; hence,
uid mixture. In Table | we list these parameters together withG', (z/ £, ,h,t *1)=P, (z/¢,) and the ellipticityp in the
the optical dielectric constants at a wavelength ofA vicinity of the peak is well described by the strong surface
=632.8 nm and temperatufie.. In this table the subscrigt  scaling functionP, [which was originally used to deduce
(B) refers ton-alkane(methyl formate where it is important  Eq. (22)].
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TABLE Il. Weak critical adsorption parameters.s four liquid mixtures and in the two-phase region for C11 and
==L 1(pi—pci)®’(N—3). The following critical exponents/ C12. A different procedure must be followed for C13 and
amplitude ratios were used in the fitting procedyge: 0.328[4],  C14, in the two-phase region, where a critical wetting layer,

v=0.632[4], A,;=0.461([26] lists 0.464 as the best value8;  similar to [46], is found[47]. For these two mixtures, the

=0.803[26], andR,=1.96[5]. critical adsorption state is a metastable surface state suffi-
ciently close toT.. Information about this metastable sur-
G. model (,=4.6-0.4A) face state is obtained following a procedure similaf48].
Mixtures &g (A) 0. (R) le (A) 10, The system was fi_rst heated \_NeII _ab@@and mixed well to
ensure homogeneity—aft@ h inthis high temperature state,
cul 3.2 2.0 461 0.041 225 the temperature was lowered t6100 mK aboveT. where
C12 2.9 1.9 19547  0.092137 the system was equilibrated for a further hour. Finally, the
C13 2.3 1.8 25683 0.101 856 system was quenched rapidly into the two-phase region to
C14 2.4 1.9 1356 0.112136 the selected temperatuile while p was monitored continu-

ously as a function of time. The metastable critical adsorp-

tion data was extracted from this quench data, at early times,
Ellipsometry and, in particular, phase modulated ellip-before droplets had nucleated on the surfit&].

sometry has proven to be extremely useful in the study of

surface phenomena4,22. The construction and operation IV. ANALYSIS OF THE ELLIPSOMETRIC DATA

of our phase modulated ellipsometer, used in this study of

weak critical adsorption, is similar to the description and In order to compare a critical adsorption model with the

operation in [45]. A HeNe laser with wavelength\ experimentally measured ellipticify the local order param-

=632.8nm is used as the light source where, after approprieterm(z)=v(z) —v. must be related to the complex reflec-

ate polarization and phase modulation, the reflected beation amplitudesr, andrg [see EQ.(23)]. This is accom-

from the liquid-vapor surface provides a measurement of th@lished as follows. The local volume fractiar(z) of the

ellipticity, adsorbed componetihere assumed to be componeéytis
related to the local optical dielectric constatftz) at depthz

TJEIm(rp/rS)|(,B, (23)  via the two-component Clausius-Mossotti equatfidf]
at the Brewster anglefg). Herer , andr are the reflection f(e(2)=v(2)f(epn) +[1-v(2)]f(ep), (25

amplitudes for polarizations parallép) and perpendicular .
() to the plane of incidence and the Brewster angle is op¥/here the function
erationally defined by that angle of incidence where

e—1
fe)=—, 26
Re(rp/ro)l,=0. (24 9~z (20

Our sample cell is of simple construction. It is composed of°A and 85&2‘? gl‘e Doptlcgl dle|ﬁCtI’IC COTSt?n(th of thelpure
a chemically resistant pyrex cylinder of diameteP.3 cm Cﬁmponeg ? € ) an f\{cvr? t\?/ve negiecte a_n;;l volume
and length~—7 cm. The cell is first etched clean using a glassC anges due 1o mixing ot the two compone(uich nor-
etch (35% HNQ;, 5% HF, and 60% distilled water by vol- mally only amou_nt to co'rrect|on_s of the order of 1_2%1?
ume, rinsed well with double distilled deionized water, dried S“rfacg d'e'gc”'c f“”‘?“olrf(z) o theRA “Sed”fo dewr{.‘“”e
overnight, and then half filled with the critical mixture before fp andrs Dy numerically solving Viaxwells equations
(0,51, from which pEIm(rp/rS)|ﬁB can be obtained. This

flame sealing. This sample cell is placed inside a two-stag d . dqf h reduced d th
oven composed of a resistively heated inner stage and Rfocedure is repeated for each reduced temperaand the

water-cooled outer stage. Thermal gradients along the lengff§Sulting ellipticity p(t), from these model calculations, can
of the sample cell are less thanl mK/cm, while short and  then be compared with experimental data.

long term thermal stabilities are, respectivey9.1 mK over If the surface_layer is sufficiently thin .compared with .the
4 h and~1 mK per day. The critical temperatures for the Wavelength of light, namelyg/\ <1 (which occurs suffi-

: -3
mixtures were monitoreih situ by measuring the tempera- ciently far fromTc, say,t=5x10"[33,34) then the Drude
ture at which spinodal decomposition occ(as indicated by ~€duation[52] provides an accurate description of the ellip-
the spinodal riny this allowedT, to be measured to within {iCity, at least to first order ig/A [S3], where

~1 mK (Table ). In a typical ellipsometric measurement, at

each temperature, 6 h elapsed to ensure thermal and diffusive ;) 7 NE1t e J'w [e(z,t) —e1][e(z,1) —e] dz
equilibrium (the thermal time constant of the oven is actually N e1—¢&r Jow e(z,t)

only ~10 min and then terp and T measurements were (27
collected over the succeeding hour. The results presented in

this paper are the average of these ten measurements. The =p (&) +pealéra), (29

temperature was always decreased in successive measure-
ments, so that gravity assisted the phase separation procesgiich has been subdivided into a critical contributipp
This protocol was followed in the one-phase region for allwith
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four critical liquid mixtures possess a similar background ellipticity peratureT, (open circlesfor the various critical mixtures. For zero

pec at large reduced temperature$~10"1) due to their similar
optical properties. However, at smallgrthe behavior of the four
liquid mixtures is distinctly different due to the differing critical
adsorption behaviors caused by differing surface fidigs o
—og. For C11 and C12p deviates belowpgg, which indicates
that then-alkane(componentd) adsorbs at the liquid-vapor surface
andh,;<0. By contrast, for C13 and C14,deviates abovpgg and

it is the methyl formate compone(®) that preferentially adsorbs at
the liquid-vapor surfaceh;>0). A liquid mixture whereh;=0
would havep=pgs (horizontal dashed linefor all t. The long
dashed lines that represemt . , calculated using th@, surface

surface field i, =0), we expect thappe.= pgs; this occurs at an
“effective mixture” of C12.6 with a critical temperaturel,
(C12.6)=35.4°C.

positive, pge=1.17x 103 (estimated by averaging the data
at t=5x10"? for the four liquid mixturey becausee;
<e(z)<e, far from T,; thus, the integral in Eq(27) is
negative and hencp=pgg is positive. For smallet, the
experimental data indicates that the critical contribupgms
negative(positive) for C11 and C12C13 and C1% corre-

scaling function, demonstrate that this function describes the exsPonding ton-alkane (MF) adsorption at the liquid-vapor

perimental data well at sufficiently smallwhere the scaling vari-
able h;t ™21 is large. At larget (corresponding to smal,t™1)
significant deviations fronpp, are observed; the behavior in this
regime is accounted for by th@, surface scaling functiofsee text
for details.

ko

PulEt)=-1 [e(z)eoldz (29

\81+82 J+w
€2 0

and a noncritical background contributipgs. The liquid-
vapor interface is situated at 0 wheree(z,t) describes the

surface[ase,>¢g (Table |) whereB is MF]. Whenh;=0

the local volume fractionv(z)=v. for all z [condition
(ii c)], therefore,p.=0 for all z=0 [ase(z,t)=¢,] andp
=pgg for all t (horizontal dotted line in Fig.)2 The differ-
ence between the peak valpg.,, and pgs therefore pro-
vides a measure of the magnitudehgf(Fig. 3); hence, the
data indicates that

h,(C11) < h,(C12) <0< h,(C13 < h,(C14),
(30)

whereh; =0 corresponds to an effective critical liquid mix-

variation in the local optical dielectric constant between theture of C12.6 with critical temperaturg;(C12.6)=35.4°C

incident medium(e;=1 for vapo)y at z= —« and the bulk
liquid (&,) at z=+. On the liquid side of this interface

(z>0), where critical adsorption occurs, the approximation

(Fig. 3). A more precise quantification &, will be given in
Sec. V.
The sign ofh; determines whethen-alkane f;<0) or

le(z,t) —e,|<(e,—£,) leads to Eq(29). On the vapor side methyl formate (;>0) preferentially adsorbs at the inter-
of this interface ¢<0), the variation in the local number face; while the magnitude di; determines the strength of
density of molecules, characterized by a noncritical correlathis adsorption. For sufficiently large; the adsorption is
tion lengthégg, gives rise to the background tepgg(égg).  described by the strong critical adsorption surface scaling
Equation(27)—(29) are particularly useful in providing a function P.. at all reduced temperatur¢$11,12; at some-
qualitative understanding of the experimenfatiata in the ~what smalleih; values the scaling variabie =h;t 41 plays
one-phase regiofFig. 2), at least far fromT.; and in esti- an important role. At sufficiently largg’, corresponding to
mating the composition of the liquid mixture where the sur-small t, G4 (x,y'>1)~P.(x) and the experimental data
face fieldh;=0 (Fig. 3). At sufficiently high temperatures, should be described by the ellipticipp calculated from the
far from T, the correlation lengtlf, —0 andp=pggs. All P.. function. However, at small’, corresponding to large
four critical liquid mixtures possess similar optical propertiesthe experimental data should deviate significantly frepn
(Table |), thereforepgg should be similar for all mixtures. in this region theG.. function (which differs from theP..
This is indeed the casérig. 2). The background term is function at smallz<l,,, Fig. 1) plays an important role in
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determining the shape @f In Fig. 2, we have plotte@p .
calculated fromP, for the mixtures C11 and Cl8ong
dashed lineswhere thepp .. curves have been shifted verti-

cally so that a comparison can be made with the experimer
tal data at smalk. The C11 and C12 data are accuratelyio’p

described bypp, for t=3x10 3 andt<8x10 4, respec-

tively, in agreement with the above discussion. The ellipticity

pp+ provides a better description of C11 up to largéhan
C12 becausg¢h; (C11)|>|h; (C12)] [Eq. (30)].

Thus far, we have observed that the experimental data i
the one-phase region qualitatively agrees with the expect: R

tions of the surface scaling functic®’, (z/£., ,h;t21). In
order to proceed further, a specific theoretical modelGar
(Sec. 1) must be considered, whefeis determined by nu-
merically solving Maxwell's equations. Before this is pos-
sible we must first define the extrapolation lenggh which
appears in Eq(19), and describe how the optical dielectric
function on the vapor side of the interfacezat0 connects
onto the weak critical adsorption function zt-0. As men-
tioned in Sec. Il, the extrapolation lengty ensures that
the local order parameter at the surfang=m(z=0)~h;

at small h; [as required by conditioniiic)]; while at
large hy(—%), 2z, limits m(z=0)=M _tPP_[z./¢.]
=M _c.(Z/&y-) #'" to its maximum saturation value,
namely,m(z=0)=m,,,,=1—v.. Hence, to a good approxi-
mation[33]

1-v,

Vo (31)

—viB
Ze=§0+( ) (~0.4 nm,

wherec.. is defined in Eq(10). The critical portion of the
surface scaling function, which occupies=0, must join
onto the dielectric profile, which describes the vapor side o
the interfacgat z<0) in a continuous fashion. This continu-
ity in e(z) at z=0 is accomplished by assuming that the
vapor side of the interface is given by

[£(0)—1][1+e % %]
1+ e—(Z+ Ze)/§BG

e(z)=1+ z<0. (32

The noncritical correlation lengtljgs is an adjustable pa-
rameter so that, for a particuld®, model, pg. =pgg at
large reduced temperaturé~0.1), where the critical con-
tribution (p.) is negligible.

PHYSICAL REVIEW E65 011601

FIG. 4. Comparison of the ellipticify for the C11 mixture with
various theoretical models. Experiment: dsguares and two-
phase(circles data. TheoryP.. (dashed linesandG.. (solid lineg
models. The residuaR= (p;— pgi)/Smin are also shown for th&...
model (triangles in the one-phase region.

and(iv) &gg, which is slightly correlated withy,, , but to a
good approximation is determined by to within 10%.
Hence, &, and &g are constrained within rather tight
bounds; thus, only,,, is a completely adjustable parameter
with which to improve the agreement between theory and
experiment. It is important to note that onég, , éz¢, and
I, are determined from the one-phase data, therenare
adjustable parameters in the two-phase region becéjise
and |,_ are determined by the universal amplitude ratio
€0+ 160—=Ins Ilh-=R; (=1.96[5]). Additionally, it is not
possible to have differing values fdfzg in the one- and
%Wo-phase region because this would lead to a discontinuity
In pg atT,, in disagreement with conditiofv) [54]. Hence,
in the following we have adjustelt,. , &,., and &g to
provide the best agreement in the one-phase region where
&, andégg are constrained by the turbidity apgg results,
respectively; these values fog, , &,., and égg are then
used in the two-phase region to evaluate the two-phase
model.
The optimal values for4,, ,&gg.lhs) are listed in Table
Il. These values were determined by searching the three-
dimensional spaceé(, ,épc,lh.) for the lowest standard
deviationsy,, [55] wheres?==;(p;— pai)?/(N—3), p; and
pci represent the experimental and calculated ellipticity for

We are now in a position to compare a model for the weakdata pointi, N is the total number of data points for a par-

surface scaling functio® .. with experiment, where E¢32)
describese(z) for z<0 while Egs.(25) and (6), with a
model forG.. [Eq. (15)], describes:(z) for z>0. A numeri-
cal solution of Maxwell's equations with this mode(z)
determines the ellipticity g for eacht, which can be com-
pared with experimental data. Four length scales appear
this problem:(i) &,., which, as discussed above is deter-
mined by the position of thg peak in the one-phase region
[Eqg. (22)], but must also be consistent with the turbidity
measurementéTable |); (i) z,, which is fixed by Eq(31),
wherec.. is taken from theP.. model; (iii) I, , which de-
termines the crossover froi® , ~z* behavior(at smallz
=<l,,) to the P, surface scaling functiofat largez=1,,,);

01160

ticular liquid mixture, and the number of adjustable param-
eters is three. In Fig. 4, the mixture C11 is compared with
(dashed lingsand pg (solid lineg in both the one{open
squares and two-phaséopen circleg regions. As expected,
the P.. model only provides a good description of the ex-
iperimental data close fb, ; the deviations observed far from
T. are well described by th&.. surface scaling function
[Eg.(15] as indicated by the residud®= (p; — pgi)/Smin (in

the one-phase regigrwhich are randomly distributed about
zero for all reduced temperaturesThe G.. model is com-
pared with the mixtures C12, C13, and C14 in Fig. 5 where
the meaning of the symbols and lines are identical to Fig. 4,
except that the stabl@gnetastablgcritical adsorption data is

1-8
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AL L A was characterized if.1,12. P" has not yet been character-
ized, but could be studied in systems where the surface ten-
sions oy <o and the optical refractive indicas;>n, so
that adsorptiorirather than wettingi41]) of component is
found at the liquid-vapor surface in the two-phase regime.
This situation is somewhat analogous to that studied in
[57,58 where the surface energy_ between a critical mix-
ture and a noncritical wall differed in the light and heavy
phases within the two-phase region. Similadyz), and
henceP_, should differ in the light and heavy phases be-
cause o_~ [(dv(z)/dz)?>dz [59] at least in mean field
theory.

10

V. THE SURFACE FIELD h

According to Eqs(7) and(21), which we restate here for
convenience,

Iny =& |ha| 21, where hy=(oa—0p)I2/kgT,.

4 Here o, (o) is the surface energy of thealkane(methyl
formate within the liquid mixture,l, is a molecular length
t scale(whose value should depend upon the particular liquid
FIG. 5. Comparison of the ellipticity for the C12, C13, and mixture or_homologous series being studiehd the sign of
C14 mixtures. Experiment: ongsquares and two-phasdcircles N1 determines whether the-alkane f,<<0) or methyl for-

data where the opefsolid) symbols represent stablenetastable ~ Mate (1,>0) component preferentially adsorbs at the liquid-
data. TheoryG. model(solid lines. vapor surface. Thereforé, . exhibited in Table Il for the

different liquid mixtures should be related to the surface en-

represented by an opeisolid) symbol in this figure. The ergy differenceAo=o,—og. Alternatively,
one-phase residuals for C12, C13, and Qwhich are not A=(l../ e
shown) are also randomly distributed about zero, indicating a =+ /€0+)
good fit for all reduced temperaturgsn agreement with the
results of C11.

It is really rather surprising that the metastable two-phase S=|op—op|lkg T, (35)
data for C13 and C14&Fig. 5, solid circlegis well described
by the G_ model. This is because, in our opinigas ex-  with a proportionality constant df, wherel , is expected to
pressed earlier if33]), the P function used for these mix- be approximately constant for a given homologous series of
tures should be somewhat different from the form that wecritical liquid mixtures. A difficulty that arises in testing the
have assumed.e., the P3a model froMil2]). This can be correspondence between E(4) and(35) is thato, andog
understood as follows. Throughout this papéz) represents represent the surface energiasthin the liquid mixture

the adsorbed component at the liquid-vapor surface. For Cldjowever, if o ando represent the surface tensions of the
and C12 ther-alkane adsorbs at the liquid-vapor surface, butyyre components at.T then

also, then-alkane is lighter than methyl formate; henog)
will obey the equation Ao=or—(ox+0l) (36)

(39

should be proportional to

v(Z)=v.+M_tPP_(Z/&.), (33 is expected to be a reasonable approximation whérés a
surface tension offset applied to methyl formate which en-

whereP _(z)—1 asz—c. This situation, where the lighter sures thaf\o=0 ath,;=0, as described below. From Fig. 3,
component adsorbs at the liquid-vapor surface, is identical th; =0 (wherep=pgg for all t) occurs at an effective liquid
the conditions studied if11,12 (from which the P3a model mixture of C12.6 (vertical dashed line with T.(C12.6)
was derivedl However, for C13 and C14, methyl formate =35.4°C. In Fig. 6,0* for the pure components$0] is
adsorbs at the liquid-vapor surfaag(z) now represents the plotted as a function of temperature where the crosses on
local volume fraction of methyl formate, which is th@nor-  each of the curves indicate the critical temperature for each
ity component in the upper phase, hender)=v.—M_t?  of the four liquid mixtures. In order that;=0 for C12.6
in the bulk If Eq. (33) is retained withP_(x)~x#'" for x ~ with T, (C12.6)=35.4°C the surface tension for pure me-
=1 [Eq. (10)], thenP_(z)— —1 (rather than+1) asz— o thyl formate,o , would have to be shifted up by a value of
[56]. Hence, in our opinion, there should be two forms forg:; =1.64 erg/cr (dashed line in Fig. 6 Thus,Ac(T,), at
P_, specifically,P- (P") corresponding to adsorption of the critical temperature for each of the liquid mixtures, can
the light (heavy component at the liquid-vapor surfade: be found by determining the difference in surface energies
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28 , . I , VI. CONCLUSION

In this paper we have used a homologous series of critical
AB binary liquid mixturesn-alkane(A) and methyl formate
(B), to investigate the weak critical adsorption regime at the
liquid-vapor surface. In this regime the surface eneogy
~og, thus, the surface fieldl;~Ao (=oa—og) is small
and the adsorption of both components is almost equally
probable. As then-alkane component is varied from
n-undecangC11]) to n-tetradecan€C14) the surface prefer-
ence changes from-alkane for C11 and C12h¢<0) to
methyl formate for C13 and C14{>0). A point of equally

=8~ Undecane

Surface Tension (dyn/cm)

-6~ Dodecane probable adsorption for the two components corresponding

—o- Tridecane to h;=0 would occur for an “effective” critical mixture of

—— Tetradecane - .

— MF C12.6 and methyl formate. The surface composition with
20+ depth into the critical liquid mixture is governed by a uni-

versal surface scaling functio®.(X,y), which depends
' L L . upon two dimensionless length scales-z/£. and y
20 30 40 50 ~2/ly- [Eq.(19)], wherel . [~|hy| =21, Eq.(7)]is a new

T(OC) length scale associated with thg field. For sufficiently
smallhy, I, can become quite large and, under certain cir-

FIG. 6. Surface tensioo™ of the pure liquid components from cumstances, comparable to the bulk correlation lergth
[60]. The crosses on each of the C11 to C14 curves are positioned btence the weak critical adsorption behavior is a sensitive
the measured  for the n-alkane and MF mixture. The dashed line function ofh, in this regime, and as a consequence, the C11
corresponds to the MF data when offsetds§=1.64 ergicri. The  to C14 mixtures exhibit rather different adsorption behaviors.
difference between the dashed line and crosses provides a meas{&heoretical mode[Egs. (15)—(21)], which conforms with
of the surface tension differencks=o,— o (Table ) where  the theoretical predictionéi)—(v) contained within Sec. I,
Ao=0 for an effective mixture of C12.6 &, (C12.6)=35.4°C.  provides an excellent description of the experimental data in

between the dashed line and each of the crosses in Fig. 8Ot the one- and two-phase regioffsgs. 4 and 5, solid
these values foro(T,) are listed in Table I. In Fig. 7, lines) where the optimal fitting parameters are listed in Table

|oa—op|/kgT, is plotted againstlg, /&,,) 21/* for each - The surface field I_engtlh,1+ is expected_ to be relat_ed to
liquid mixture. A linear fit to this data sésolid line), which ~ the surface energy differenceo (~h,); this interrelation-
has been constrained to pass through the origin soAbat Ship is examined in Sec. V and Fig. 7 from which the mo-
=0 whenh;=0 (corresponding td,. =), has a slope of lecular surface lengtt,~5 A (Table 1l), characteristic of

12=(4.6=0.4 A)? for the G.. model. Hence, as expectdd, this particular homologous series, is extracted.
ig of the order of a molecular length. The results in this paper now allow us to provide some

guidance as to when weak surface field effects will be im-
' ' ' ' portant for critical adsorption. In accordance with a sugges-
0.20 - 4 tion in [19], the strong critical adsorption surface scaling
function P.. describes the critical adsorption data in Fig. 2
for t<t, while the weak critical adsorption surface scaling
015 l _ function G. is required fort=t, where the “crossover”
C14 temperaturd, is defined by

c11

ci2
Ay _
(/G0 ool C13 l 1 o | gt “1=1. (37
1 Combining Eq.(37) with Eq. (21) leads to
0.05 . tAKLT
© Ao]= 27" (39
0.00 | | | | |

00 01 02 03 04 05 06 Hence, the strong critical adsorption surface scaling function
P. can be used at all accessible temperatutgs @.1) for
room temperature critical binary liquid mixturesT(
FIG. 7. Plot of (/&) 21/" versus|oa— og|/kgT, for the ~ =300K) provided thatA o| =6 erg/cnf. Similarly, Eq.(38)
G. model (circles. The solid line represents a linear fit through @IS0 provides a criterion for when thepeak position can be
this data set with the constraint that the line passes through thdescribed by Eq(22). Equation(22) will start to fail when
origin to ensure that; =0 (I, —) wheno,=0g. The slope of the peak reduced temperaturg~t,, hence, from Egs.
the line gives2 (Table I). (22) and(38) this occurs when

I6,— kg T, (nm™)
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|Ao|=—7— 0.060 (39  vided that|Ao|=0.2 erg/cr.

IO'

B kBT(:( Eon )Alfv data for room temperature critical binary liquid mixtures pro-
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