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Neutron reflectivity studies of critical adsorption: The correspondence between a critical
adsorption profile and specular neutron reflection
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For interfacial order parameter profiles which decayAas #, such as the composition profile of the
noncritical interface of a binary liquid mixture at a critical end point, there is a reported one-to-one correspon-
dence between the profile and the reflectivity which can be described by an analytical[®ebDigtrich and
R. Schack, Phys. Rev. Let58, 140 (1987]. Evidence foru=0.53+0.02 for adsorption at the hydrophilic
silicon/liquid surface of the mixturé2-butoxyethanctdeuterium oxidg near its lower critical end point,
determined from neutron reflectivity measurements, is presented. This value is in good agreement with the
theoretical prediction oft=0.516+0.004. Further examination of the data permits the determination of the
asymptotic surface enrichment scaling factor amplitBge-0.11, which is not in agreement with the theoret-
ical valuePy=0.94+ 0.05 and values determined by other experimental metfi&d€63-651X99)01704-3

PACS numbegs): 68.10—m, 61.12.Ex

At the critical end poin(CEP) of a binary liquid mixture, P(x)=Pox #* for x—0: power law decay, (2a)
two liquid phases merge identity to form a single phase in
the presence of a spectat@roncritica) phase which does P(x)=P,exp —x) for x—o: exponential tail. (2b)
not participate directly in the phase transition. This spectator
phase can be, for example, the vapor, a solid container walRq andP.. are universal constants whose magnitudes depend
or a completely immiscible liquid phase. Consideration ofonly on whether the mixture is in one or two phases. This
the Gibbs adsorption equation along paths of either constaritical adsorption profile has provoked much experimental
temperature or constant composition shows that, accordinggork—mostly by ellipsometric[3] or optical reflectivity
to scaling arguments, as the CEP is approached the relativeethods, but also more recently using neutron reflectometry
adsorption of component 2 with respect to component 1[4,5—and the major aims have been to confirm the univer-
I',,, diverges[1]. Such an effect is the critical adsorption sal aspects, i.e., the values Bf, P.., and u=g8/v. Al-
predicted by Fisher and de Genrj@s. Further than predict- though Liu and Fishef6] provided modelP(x) profiles for
ing a large excess of one component at the noncritical interthe analysis of the optical data, Sméhal.[3] presented the
face, Fisher and de Gennes conjectured a universal expresiost testing data analyses for determining these quantities

sion for the order parameter profile using a method free from the imposition of fixed models.
They evaluated universal integrals, and compared the results
M(2) = mtAP(x). (1) obtained from ellipsometric measurements with results from

renormalization group calculations and Monte Carlo simula-
tions. As Smithet al. pointed out, neutron reflectivity experi-
Herem(z) = ¢(2) — ¢ is the order parameter at a positisn  ments offer a more stringent test of E@a) than optical
wherez is the coordinate normal to the interfacg,is the  experiments can offer, but only recently were the first experi-
bulk mixture composition, ang(z) is the local composition mental tests of critical adsorption performed using neutron
at positionz. The quantitym, is the amplitude of the bulk reflectometry. Zhaet al. presented some results of a neutron
solution order parameter in the two-liquid phase regionreflectivity study of a critical adsorption profile for the mix-
which behaves ad ¢=mgt#, andx=2/¢, where¢ is the  ture methanol plus deuterated cyclohexane, and convincingly
correlation length of the composition fluctuations in the bulkdemonstrated the existence of the power-law part of the pro-
fluid which behaves ag= &gt 7, where, is the correlation  file [4].
length amplitudey=0.63, 3=0.326, andt=|T—T|/T, is The neutron scattering length denskip of a medium is
the scaled reduced temperature, whegés the critical tem-  directly proportional to the potential which a neutron expe-
perature. The quantitP(x) is the surface-enrichment scal- riences while propagating through that medium, and is sim-
ing function which scales the bulk order parameter and posply related to the neutron refractive index~1
sesses the following asymptotic limits: —(A2/2m)Nb. Here A is the neutron wavelengthy is the
number density of the nuclei, afis the averaged coherent
neutron scattering length per nucleus. For the mixture chosen
*Present address: Department of Chemistry, Science Laboratorieey Zhao et al,, the expected\b increases with increasing
The University of Durham, South Road, Durham DH1 3LE, U.K. distancez through the interface toward the bulk liquid. With
TAuthor to whom correspondence should be addressed. such anNb versusz behavior, if the interfacial profile corre-
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sponds to the power law part of the critical adsorption profile 8m’m, - - _
[Eq. (28)], the reflectivity should exhibit a discontinuity near E= —hz—(E—Vi)(Sln2 a—sir? ag). (3b)

the total reflection edgéTRE) [7]. Indeed the data of Zhao

et al. Cleal’ly show the eXpeCted discontinuity in the reﬂeC-The eigenva|u£ is a rescaled and redimensioned wave vec-
tivity near the TRE at a temperature very close to the criticakgr transferQ (Q=4 sina/A) which is zero atv= . Ac-
temperatureT .. At temperatures removed froffi, no dis-  cording to the DS theory, the value of is determined by
continuity is apparent, indicating that the order parametep|otting a graph ofy = In[1—R(E)] versusx= EY2~ V4 where
profile no longer has a dominatinyz™# dependence. Fur- R(E) is the reflectivity at a givelE. The value ofu is varied
ther analysis determined a value far=8/v=0.55£0.05,  yntil a valuep= ' produces a straight line as-, i.e., as
by assuming B=1.0 (theory: P;=0.94+0.09, but it is E_—0 or Q—Q, (for Q>Q., where Q.=Q(ay)). This
stated that a value gf =0.74+0.05 could also represent the should occur, according to theory, far =0.516+0.004.
reflectivity measurements B,=0.34 is chosen. The former  The Dietrich and Schack theorem is strictly limited to a
choice offers excellent agreement with theory, but is reliantegion of E space close to the TRE. The useful data are thus
on a chosen value d?,. Apart from that work an indepen- |imited to a windowE_<E<E. , where the values of .
dent determination of the value of theexponent was made gndEg_ depend on several factors. The upper-bound value
by Zalczer[8], who analyzed the optical data of Beysens ande _ is governed by two factors. The first is the point at which
Leibler obtained from a guided-wave experimé@t From  the experimental situation deviates considerably from the
this numerical study a value gf in the range 0.3 1<0.6  asymptotic behavior predicted by the theory. The second
provides a satisfactory fit to the data. The drawback withconsideration is the true power law behavior of the order
these methods is that the value ﬁbfcannot be determined parameter prof"e' since thez * term is the |eading term of
unambiguously. o a series expansion, and higher orders may become prominent
However, over a decade ago Dietrich and SchédB)  at |argerE. The limiting lower-bound valuéE_ is deter-
[10,11] presented a theorem which allowed a determinationmined by the finite temperature resolution, and the exponen-
of the exponeni in a unique manner from reflectivity mea- tja| contribution to the critical adsorption profile. In reality,
surements. Their theory is general, and applies to any ordghjs effect is likely to be masked by the real instrumental
parameter profile which decays &z #. Such profiles in-  resolution near the TRE, although the experimental tempera-
clude polymer adsorption at interfaces, for whigh=1.3  tyre resolution will also contribute.
[12,13. The DS theorem applies to the converse case of the Reflectivity measurements were performed on the V6 re-
Zhao et al. experiment, |e,Nb decreases with ianeaSing flectometer at the BERIlI reactor at the Hahn-Meitner-
distancez through the interface. In this instance the rEﬂEC-|nstitut’ Berlin, Germany_ A horizontal beam of monochro-
tivity should show no discontinuity near the TRE, but if the matic neutrons with wavelengtth =4.66 A (=3%) are
reflectivity is represented graphically in an appropriate manincident at the hydrophilic silicon/liquid-mixture interface.
ner a linear dependence should be yielded for a unique valughe polished surface of the silicon blogkiolm Silicium-
of w. In this case both the value of the expongnand the  pearbeitunywas rendered hydrophilic by the RCA cleaning
amplitudeA of the critical adsorption profile near a CEP, method[14]. The silicon block was then sealed using a Viton
which can be directly related t8,, can be determined un- Q-ring to a clean polytetrafluoroethylene trough furnished
ambiguously. Zhaet al. pointed out that, in principle, this is  with filling holes and tubes. This unit was then sandwiched
a better approach to determinipgandPo. The aim of this  petween two aluminium blocks thermostated by circulating
paper is to provide a complementary report to that of Zhaqyater from a HAAKE Thermostat F6-C25 circulating bath.
et al. on the choice of exponent, which is directly—and A pubble-free liquid sample was introduced into the sample
uniquely—determined from neutron reflectivity measure-cavity through the filling holes. The aluminum sections were
ments. designed so that the thermal mass and area of thermal contact
In the context of this paper it is not necessary to recounfyere maximized while maintaining a cell suitable for reflec-
the DS theory in detail. Instead we will provide a record oftometry. The cell is similar to that described by Rusg#H].
the necessary stages in the analysis of the experimental data, Alignment of the cell was achieved by performing a series
and outline any assumptions made on our part. Consider nef rocking scans and table height scans. The neutrons are
trons with wavelengthA incident from a mediumi (with  transmitted through the silicon block and reflected from the
potentialV;) which are reflected at the medivinmediumb silicon/liquid interface. The sample temperature was moni-

(with potential V) interface with a grazing angle of inci- tored using a platinum resistance thermometer inserted in the
dence a. The potential V., of a medium m is V underside of the polytetrafluoroethylene trough section of the
. m m

— (h%2m,)Nb wherem, is the mass of the neutroh,is cell. The temperature control and homogeneity were better

Planck’s constant, anldb the scattering length density of the than io'.l K. After each temperature change a short equili-
) i ~ L bration time was allowed before checking the alignment of
mediumm. With a knowledge of the/;, and the position of - {he cell. In all cases there was no drift in alignment beyond

the critical angle of total external reflectiam;, which is o realms of the accepted experimental error. The
measured experimentally or can be calculated using S”e”’ﬁ-butoxyethanol (GE,) was purchased from Aldrich, and
law, the incidence energl is determined and the neutron the D,O from Eurisotop isotopes. The liquid mixture was
wave eigenvalué€ is calculated via prepared by mass, and was introduced as a single phase into
the sample chamber. The mass fraction composition of the
sample wasw(C,E;)=0.27[16], and the measured critical
ac=arcsifi(Vp—V)I(E-V)]Y3 (33  temperature wasT.=41.95°C. The phase volumes after
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FIG. 1. Dietrich-SchacKDS) plot for the Si/air interface with FIG. 3. DS plot for the Si/liquid mixture interface at 24.90 °C
u=0.52. This shows that there is no power law decay with with ©=0.52, showing that there is no pronounced power law de-
=0.52 in our control experiment. cay. (The dotted curve is a guide to the eye.

separation were almost identical, and the sample was ve
turbid prior to separation. Reflectivity spectra were measure

from the silicon/BO interface at 20 °C, and from the silicon/ ship is obeyed with the exponent=0.52 being satisfactory
liquid mixture interface at several temperatures in the onep Fig. 5 we examine how well the e.xponemyo 34 052 '
phase region T<T;=41.95°C)—24.90, 39.18, 39.90, and 0.70 represent the data B=41.82°C. In Fig. 6 we
40',11' 4Q'86' 41'36’.41'70' 41.82, and 43.9£{ﬁ&b-pha§e show how the “goodness of fit'{product moment correla-
region. Finally, the silicon surface was rinsed with distilled 5, coefficien of the straight line varies as a function jf
water and the reflectivity of the silicon/air interface was mea+y, these data and for the dataTat 24.90 °C by plotting the
sured at 20 °C. Before applying the DS analysis, only datgrelation coefficients versys. The available data indicate
with R<0.1 were chosen. This is partly to remove the effecty, optimum valuee = 0.53+0.02.
of instrumental resolution—which rounds off the critical |t the data over the experimental temperature range are
edge—and partly to introduce tie_ cutoff. Instrumental fitteq with a value ofw=0.52 and the correlation coefficient
resolution alone would suggest that the cutoff be made gjotted as a function of the reduced temperature, as shown in
R=0.3; however, the empirical choice &=0.1 appears Fig. 7, then it is interesting to note how dominant the power
also to remove the effects arising from temperature resolup,,, part of the critical adsorption profile is even 2—3 K away
tion. from T,.

In Figs. 1 and 2 we show the DS fitting for the silicon/air |5 principle, a further straightforward stage in the analysis
and silicon/RO (control rung interfaces, assuming a slowly js the evaluation of the universal constaty. Dietrich and

decaying profile withu=0.52. Clearly, this is not the case, gchack considered potentials with the asymptotic Iz
since there is no linear relationship as-«~. Furthermore,

uce a straight line fop=0.52, as shown in Fig. 3. How-

Ighe data for the liquid mixture at 24.90 °C also do not pro-
ever, at temperatures closer Tg (Fig. 4) a linear relation-
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FIG. 4. DS plot for the Si/lliquid mixture interface af
FIG. 2. DS plot for the Si/BO interface withu=0.52. This  =41.82°C, clearly indicating the adherence of the data to a straight
shows that there is no power law decay wjitk=52 in our control  line for w=0.52, in agreement with theory. The dotted line is a
experiment. linear fit to the data.
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FIG. 5. DS plot showing the evolution of the straight line shown temperature.  Note that forT=24.9°C [t=(T—T)/T.=

in Fig. 4 for a selection of values.:l'sr;e horizontal S(iazlles for  _0.0541, r=+0.98161(see Fig. 6.

=0.34, 0.52, and 0.70 are-98x10°/, 0—3.15x10"~", and

0—1.85x107 14, respectively. The dotted line is a linear fit to the . ' '

datay=0.52. &0 and m{ independently, for the mixture studied here the
values ofé,=3.90 A[16] andm{=1.10x 10'°*m 2 [17] are

—w)=\z # where V(z)=(8mm,/h?)[V(2)—V,]. The available from the literature, and we use these values to es-

parametei can be derived from the gradiedy/dx of the  timate Py. Putting these values into E¢5) and taking the

straight line plotted earlier through \ optimized value ofu=0.53, we calculate a value d?
=|(dy/dx)/[2I(u)]|*. 1(w) is a universal function given =0.11, which is considerably smaller than the theoretical
for the case of interest here by value of P;=0.94+0.05. However, despite the determina-

tion of N being extremely sensitive to the value @ithosen,
the calculated value oP, is reasonably insensitive tg.
()= co{[1+u(n—=1/2)Int} %, (40 Accordingly, we need to seek an explanation for the discrep-
- ancy between the value &, determined here and the values
determined by other experimentalists and theoriststeFlo
and Dietrich[18] summarized the values &, (also written
asc, ) reported in the literature. It was pointed out by tEo
and Dietrich that the definition of the correlation length
0:;,_ (5) needs to be fully taken into account when calculating the
(4mEGmg) amplitudeP,. However, it is unlikely that this is the source
of the discrepancy.
In Eq. (5) m{ is related to tham, defined earlier, and is the A possible source of error may be assuming that the mix-
amplitude of the bulk solution order parameter written inture is a true binary mixture. In fact, this is not strictly true,
terms of the scattering length densities of the two coexistingince the system, through ionic dissociation of the water,
phases. Although it is preferable to measure the amplitudesontains at least four components. However, the critical sig-
natures remain unchanged but the coexistence curve is
' " T " T " T ' T skewed, and .. is not the minimum coexistence temperature
. [17]. The uncertainty in the choice, or indeed definition, of
mgy may therefore affect the outcome of the calculation, al-
though, we believe, to a minor extent. In future experiments
it would be worthwhile to investigate simpler binary liquid
mixtures such as the alkanie perfluoroalkane type.

Before closing this paper, we should mention the remain-
ing findings of this study. Principally, we find that the total
reflection edge advances toward higher angles, and the re-
. flectivity spectrum in its proximity changes shape &s
—o—atsrc | —T.; this advancement is a signature of the critical adsorp-
-0 24.90°C tion. On the whole, despite the small measurable changes in
reflectivity near the TRE, the spectra do not change signifi-
L . L . L . L . L cantly in the region 39.90T/°C<41.82. However, there is
o o4 08 0e 07 a measurable change in reflectivity at higi@between the

* spectra at 24.9 and 39.9 °C. There are insufficient spectra to

FIG. 6. r (correlation coefficientas a function ofu for T  determine whether this is an abrupt transition or whether

=24.90 and 41.82°C. there is a smooth change in structure with increasing tem-

oo

wherec,= —T'(n—1/2)(27?), andI  is the gamma functior®?,
is then calculated from the relationship

098 |-

0.96 |-

r (Correlation Coefficient)

094 |-

092 |-
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perature. The spectra can be analyzed in terms of layer modvith the theoretical valug.=0.516+0.005. The parameter
els using the traditional optical matrix method. What is clearA can also be determined for a given and, in turn, the
from this analysis is that the O is preferentially adsorbed, universal constanP, can be evaluated. The so-determined
as is borne out by the success of the DS analysis. What igalue of Py~0.11 is not in agreement with the theoretically
unclear, unfortunately, is the nature of the short-range propredicted P,=0.94+0.05) or other experimentally deter-
file. Either a single-layer modeivith a D;O-rich composi-  mined values. Further work is necessary to reconcile the dis-
tion) or oscillatory multilayer models with an unquantifiable crepancy in the value d®,.
number of layers can be used. However, toward phase sepa-
ration the single layer model becomes increasingly unfavor- The authors wish to express their gratitude to the various
able [19]. Further work has been proposed which concenestablishments that have enabled this research. J.R.H. thanks
trates on determining the details of this interesting shortProctor and Gamble and The University of Sheffield for
range structure. financial support, E.M.P. thanks CONACyT, "Meo for

In summary, we have been able to provide experimentatheir support, and J.B. thanks the EU for Grant No.
evidence for the theoretically predicted one-to-one correERBFMBICT961176 and Professor Findenegy for accom-
spondence between the power-law part of the critical adsorpnodation and support. We thank the Iwan-N.-Stranski Insti-
tion profile and the neutron reflectivity for the interface be-tut workshop for the construction of the cell, and the HMI,
tween a near-critical mixture of 2-butoxyethamd®,O and Berlin for beam time. Finally, we wish to thank Professor
silicon. The profile decays a&z # and the experimentally Siegfried Dietrich for communicating his comments and sug-
determined value gf=0.53+0.02 is in excellent agreement gestions.
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