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We study the wetting behavior at the free surface of the isotropic phase of various mixtures of
thermotropic liquid crystal compounds. Both pure compounds show complete wetting of the isotro
liquid-vapor interface by an interposing anisotropic phase when the transition to the bulk liquid-crys
phase is approached, but only one of the compounds shows in addition a discontinuous prewe
transition. The prewetting discontinuity is found to vanish at a critical point in the temperatur
composition plane. [S0031-9007(98)05951-1]

PACS numbers: 64.70.Md, 68.45.Gd
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When a critical point, at which the difference betwee
two fluid phasesa and b vanishes, is approached along
theayb coexistence curve, a first-order wetting transitio
at the interface to a third (inert) phaseg is expected
at a temperatureTw which is well below the critical
temperatureTc [1–3]. Above Tw , the interface to the
g phase is covered by a macroscopically, in princip
infinitely thick film of, e.g., thea phase excluding direct
contact of theb phase with theg phase (complete wetting).
Below Tw, the interface to theg phase is covered with
an only microscopically thin film (partial wetting). The
first-order wetting transition at coexistence, where the fil
thickness jumps to infinity, implies the existence of
line of first-order prewetting transitions off coexistence
characterized by a finite (thin to thick) film thickness
jump. The prewetting line is expected to terminate at
prewetting critical point (PCP) where the film thicknes
discontinuity vanishes. Although wetting transitions ca
be studied in a number of systems [3], experiment
observations of corresponding prewetting transitions a
much less frequent [4]. Recently, we have observed
prewetting transition at the free surface of the isotrop
phase of a smectic liquid-crystal compound [5]. Here
we report on our study of a two-compound liquid-crysta
system which enables the realization of the prewetting lin
in the temperature-composition plane. This is the fir
observation of a PCP in thermotropic liquid crystals.

Liquid crystals provide examples of orientational wet
ting [6]: Above an isotropic—nematic transition an inter
face layer exhibiting the nematic parallel ordering of th
rodlike molecules is formed while the bulk is isotropic
This behavior is observed at free surfaces [7–9] and
interfaces to a solid wall [10–13]. The nematic wettin
at free surfaces is usually complete, whereas at wall
terfaces both partial and complete wetting occurs. In t
case of complete wetting a logarithmic divergence of th
absorption parameterG 

R
fSszd 2 Sbg dz is found [6]

(z being the distance from the interface andS the nematic
orientational order parameter, the bulk valueSb equals
zero in the isotropic phase). A prewetting transition ha
not been observed in these studies, although a partia
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complete wetting transition at coexistence was obtained
modifying the wall surface [13].

In the smectic-A (Sm-A) phase a positional order exists
in addition to the nematic parallel orientational order
The molecules are arranged in layers with a thickne
of approximately one molecular length. If an isotropic–
Sm-A transition is approached from above, the successi
formation of smectic layers at interfaces is observe
[14–17]; the number of smectic layers seems to rema
finite at the bulk transition temperature (partial wetting).

Theoretical models exist of both nematic [6,18,19] an
smectic wetting [20] of the isotropic liquid/vapor or liquid/
wall interface. The theories predict the experimentall
observed behaviors (e.g., the logarithmic divergence ofG

or the appearance of a finite number of smectic layers
and in addition several behaviors which have not bee
observed experimentally so far (e.g., complete wettin
via an infinite number of smectic layering transitions o
prewetting transitions above isotropic-nematic transitions

The first example of a prewetting transition in liquid
crystals was observed recently by us at the free surface
the smectic compound “12.O.6” (4-hexyloxyphenylester
of 4-dodecloxybenzoic acid): At a temperature 1 K abov
the bulk isotropic–Sm-A transition a discontinuous jump
of G occurs which corresponds to an approximate thic
ness change of the wetting layer from submonolayer si
to about two molecular lengths; with decreasing tem
perature the data indicate a logarithmic divergence ofG

[5]. We report here on our measurements of several b
nary mixtures of12.O.6 and a second compound, “9O.4”
(4-nonyloxybenzylidene–40-butylaniline) which shows at
the free surface complete wetting at its isotropic–Sm-A
transition without an accompanying prewetting transition
Our aim is to study the approach of the prewetting trans
tion of 12.O.6 to a PCP which can be expected to occur a
a certain composition in this binary system.

Binary mixtures are prepared by weighing correspon
ing amounts of12.O.6 and 9O.4 in a small glass tube (the
total amount of each mixture was about 250 mg), the
heating the mixture into its isotropic liquid phase with
thoroughly stirring for several minutes. Phase structur
© 1998 The American Physical Society 3783
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and transition temperatures of each mixture were det
mined using a polarizing microscope equipped with a m
croscope hot stage.

For the study of the free surface an approximate
1 mm thick film sareaø 2 cm2d of each mixture is
prepared on a rough glass substrate and placed i
a temperature-controlled oven possessing a temperat
stability of the order of 0.02 K. A phase-modulated
ellipsometer is used to study the change of polarizatio
of a laser beamsl  633 nmd upon reflection by the
free surface of the sample film; reflection from th
second (liquid crystal-glass) interface is suppressed
the substrate roughness. As usual in ellipsometry, t
magnitude tanC and the argumentD of the complex
amplitude ratiorpyrs  tanC expsiDd of the p- and s-
polarized components of the reflected light is measured

The value ofrpyrs is most sensitive to the surface struc
ture when the angle of incidenceui equals the Brewster
angleuBwhereD  90±; the corresponding value of tanC

is commonly designated as elipticity coefficientr. The
temperature dependence ofr is determined by continu-
ously collecting values of tanC andD and adjustingui so
that85± , D , 95± while the temperature is changed at
slow rate (between 0.005 and0.02 Kymin).

For an idealized steplike interface one expectsr 
0, whereas for a fluid interface one finds always
value of r . 0. The deviation ofr from zero has two
origins: the finite width or roughness of the interfac
and the presence of a layer interposing the interfa
between the two bulk media [21]. The measured valu
of r is the sum of these two contributions, i.e.,r 
r0 ssurface roughness contributiond 1 rG ssurface layer
contributiond provided that the relevant lengths are con
siderably smaller than the wavelength of light used for th
measurements [7]. Further, under this condition the val
of rG is proportional to

R
fn2

eszd 2 n2
oszdg dz whereno and

ne are the ordinary and extraordinary refractive indice
of an uniaxial (optical axis along surface normal) surfac
layer on an isotropic bulk liquid. Since the differenc
fn2

eszd 2 n2
oszdg is proportional to the orientational order

parameterS, the measuredr vs T curves can be seen as
curves of the adsorption parameterG vs T with an offset
corresponding tor0. We should note two drawbacks:
First, we can measure only the orientational order; in th
case of smectic wetting we cannot prove the presence
smectic layers. Second, the linear relation betweenr

and G is restricted, for typical refractive index values o
liquid-crystal materials, to surface layer thicknesses belo
50–70 nm; it is thus difficult to prove a divergence ofG.

Figure 1 shows the temperature dependence ofr for
both pure compounds near their Sm-A–isotropic bulk
transition temperatureTAI. The prewetting transition of
12.O.6, on which we report in detail in [5], is seen 1 K
aboveTAI where r shows a steplike discontinuity. In
contrast, ther values of 9O.4 increase continuously whe
TAI is approached. Although the bulk phase below th
isotropic phase is Sm-A, there is no indication of a smectic
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FIG. 1. Temperature dependence of the ellipticity coefficie
r of the free surface near the bulk Sm-A–isotropic transition
of the compounds12.O.6 (a) sTAI  89.05 ±Cd and 9O.4
(b) sTAI  80.76 ±Cd. The prewetting jump of12.O.6 is seen
at 90±C. The insets show the samer data as a function of
logsT 2 TAId.

layering as observed in other compounds [14–17]. In t
region where a linear relation betweenr andG exists, the
increase ofr is in both compounds of the present stud
consistent with a logarithmic divergence ofG at TAI as
demonstrated in the insets of Fig. 1 wherer is plotted on
a logarithmic temperature scale. We can also reprodu
the measuredr values close toTAI by adjusting the
parameters of a phenomenological model [19] predicting
logarithmic divergence ofG. The logarithmic divergence,
with the restrictions mentioned above, is exhibited also
all mixtures of the present system.

It is evident that pure 9O.4 does not show a discontin
ous prewetting transition; nevertheless, there is obviou
a change of the slope of ther vs T curveø2.2 K above
TAI indicating the onset of the surface layer growth
On the logarithmic temperature scale [inset of Fig. 1(b
a weakly pronouncedS-like shape of the curve is dis-
cernible; we thus interpret this feature as a trace of t
nearby PCP. Indeed, as will be described below, all m
tures of the present system which are on the “supercr
cal” side of the PCP exhibit this feature, and it becom
more pronounced on approaching the PCP.

Because both compounds,12.O.6 and 9O.4, show di-
rect isotropic to Sm-A transitions, we expected the sam
behavior for each binary mixture. However, for all mix
tures the phase sequence isotropic–nematic–Sm-A is ob-
served; already a mixture possessing a mole fractionx9O.4
of only 0.026 shows a 0.2 K broad nematic phase betwe
its isotropic and Sm-A phase. Remarkably, the wetting be
havior seems to be completely unaffected by this chan
of the bulk phase structure: Apart from a small shift of th
temperature scale and the indication of the narrow nema
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phase, ther data of thex9O.4  0.026 mixture coincide
with those of the pure12.O.6 compound, showing a pre
wetting jump 1 K above the bulk coexistence temperatu

As is demonstrated in Fig. 2, the prewetting disco
tinuity is with increasingx9O.4 clearly observed up to
x9O.4  0.121. A x9O.4  0.148 mixture shows still a
steep increase ofr in a narrowT interval but it is diffi-
cult to decide whether there is a discontinuity or not. T
discontinuity has definitely vanished in ax9O.4  0.173
mixture, where it is replaced by a continuous variation
r with T exhibiting an infection point. A similar behav
ior is found when the thermal hysteresis is regarded.
described in [5], the prewetting transition of pure12.O.6
shows a weakly pronounced thermal hysteresis. Alre
in the x9O.4  0.121 mixture, where ther vs T curve
shows still a discontinuous appearance, the hysteresis
not be detected with the present experimental resolut
Together, these observations clearly indicate that a line
prewetting discontinuities exists in theT -x plane which
terminates at a critical point. As estimated from the a
pearance of ther vs T curves the coordinates of the PC

FIG. 2. Temperature dependence of the ellipticity coefficie
r for several binary mixtures of12.O.6 and 9O.4 (the
numbers in the upper right corners give the mole fracti
x9O.4). TNI corresponds to the bulk nematic–isotropic transiti
temperature. For thex9O.4  0.026, 0.121, and 0.148 mixtures
the bulk nematic to Sm-A transition can be seen (indicated b
the arrows) as a steplike decrease ofr indicating that the free
surface of the Sm-A phase is sharper than that of the nema
phase. The insets show the prewetting transitions (or inflec
point) on an enlarged scale, one division of thex axis sT d
corresponds to 0.1 K, one division of they axis sr d to 0.005.
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are approximatelyx9O.4  0.15 andT  86.9 ±C. In the
“supercritical” region, the inflection point exhibited by the
x9O.4  0.173 curve becomes more and more smeared o
with further increasingx9O.4; it is, however, in a very
weakly pronounced shape discernible even in pure 9O.

Figure 3 shows in theT vs x9O.4 plane the bulk phase
diagram together with the detected prewetting transitio
of all samples studied. The PCP is expected to belong
the two-dimensional Ising universality class [22], its orde
parameter being in our case the magnitude of the adso
tion parameter discontinuityDG which should vanish at
the prewetting critical point according toDG ~ tb, with
t  jT 2 TpcjyTpc (Tpc: prewetting critical temperature)
and b  1y8. To our knowledge, there exists only on
attempt to determine the value ofb experimentally [4b].
In the present study, the magnitude of the measuredDr

values is well within the range of the linear relation be
tweenr andG, thusDr is a direct measure ofDG. The
inset of Fig. 3 shows a double logarithmic plot ofDr vs
t. Our data are not contradictory to the theoretically e
pected valueb  1y8, but there is some uncertainty be
cause of the small number of data points [23]: Linear lea
mean square fits lead tob  0.11 6 0.04 if we localize
Tpc near the inflection point of ther vs T curve of the
x9O.4  0.173 mixture, and tob  0.09 6 0.03 if we as-
sume thatTpc is close to the discontinuity (or inflection
point) ofx9O.4  0.148 mixture. The average of these two
limiting values results inb  0.10 6 0.04.

Further points which need to be addressed are
structures of the thin and thick films above a below th

FIG. 3. Binary bulk phase diagram of the compounds12.O.6
and 9O.4. Both pure compounds show direct Sm-A–isotropic
transitions, whereas all mixtures show an intermediate nema
phase. The solid lines are meant as guides to the eye; we h
no data points in the region0.566 , x9O.4 , 1. The± symbols
designate the prewetting transitions and the≤ symbol the
approximate location of the PCP. Inset: Double logarithm
plot of ther jump at the prewetting transition as a function o
reduced temperaturet for Tpc  86.9 ±C (inflection point of the
r vs T curve of thex9O.4  0.148 mixture). The slope of the
solid line corresponds to the theoretical expectation ofb  1y8.
3785
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prewetting transition and the nature of the surface pha
in relation to the bulk phase. The difference betwee
the surface films above and below a prewetting transitio
is the magnitude ofG. In our case, the magnitude of
r above the prewetting transition corresponds approx
mately to the value expected for the free surface, witho
any surface layer, of an isotropic liquid consisting o
molecules of a dimension of ø3 3 0.5 3 0.5 nm3.
Thus, if there is already some excess surface order abo
the prewetting transition, it is restricted to submonolaye
dimension.

Below the prewetting transition there is an optically uni
axial surface layer with its optical axis parallel to the sur
face normal. The layer thickness amounts to several n
just below the prewetting transition and to at least 70 n
close to the bulk transition; possibly there is complete we
ting at coexistence. Besides the optical uniaxiality, the e
lipsometric data do not reveal structural details, i.e., w
cannot decide whether the surface phase is nematic
smectic. Since all samples, with the exception of the tw
pure compounds, are nematic below their isotropic phas
we expect the surface phase also to be nematic. Co
cerning the two pure compounds, which are Sm-A below
their isotropic phase but do not show smectic layering tra
sitions at the surface, x-ray reflectivity studies would b
necessary to clarify the structure of the surface phase.

In conclusion, we have studied binary mixtures o
liquid-crystal compounds which show different wetting
behaviors at the free surface of the isotropic phase.
particular, we have shown that in several mixtures, whic
all possess an isotropic-nematic bulk transition, a disco
tinuous prewetting transition exists which vanishes at
PCP when the mole fraction of one component excee
a certain value. The decrease of the magnitude of t
prewetting jump ofG on approaching the critical point
can be described by a power law with a critical ex
ponent b  0.10 6 0.04. Despite this relatively large
uncertainty, we would like to emphasize that liquid crys
tals are well suited for ellipsometric studies of prewettin
effects since the changes inr are, because of the bire-
frigence of the liquid-crystal surface layer, about 1 orde
of magnitude larger than in ellipsometric studies of binar
mixtures of simple fluids [4b].
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are due to G. Heppke for providing numerous liquid
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[1] J. W. Cahn, J. Chem. Phys.66, 3667 (1977).
[2] C. Ebner and W. F. Saam, Phys. Rev. Lett.38, 1486

(1977).
[3] For reviews on wetting, see, e.g.,Liquids at Interfaces,

edited by J. Charvolin, J. F. Joanny, and J. Zinn-Just
(Elsevier, Amsterdam, 1990).
3786
se
n
n

i-
ut
f

ve
r

-
-
m

m
t-
l-
e
or
o
e,
n-

n-
e

f

In
h
n-
a
ds
he

-

-
g

r
y

s-
er
r
e-

ks
-

in

[4] Prewetting transitions were found in fluid films of: (a)
helium and hydrogen [P. Taborek and J. E. Rutledge
Phys. Rev. Lett.68, 2184 (1992); J. E. Rutledge and
P. Taborek, ibid. 69, 937 (1992); E. Chenget al.,
ibid. 70, 1854 (1993); A. F. G. Wyatt, J. Klier, and
P. Stefanyi, ibid. 74, 1151 (1995); B. Demolder,
N. Bigelow, P. J. Nacher, and J. Dupont-Roc, J. Low
Temp. Phys.98, 91 (1995)], (b) methanol/cyclohexane
mixtures [H. Kellay, D. Bonn, and J. Meunier, Phys. Rev
Lett. 71, 2607 (1993)], (c) molten potassium/potassium
chloride mixtures [H. Tostmann, D. Nattland, and W.
Freyland, J. Chem. Phys.104, 8777 (1996)], (d) mercury
[M. Yao and F. Hensel, J. Phys. Condens. Matter8, 9547
(1996); V. F. Kozhevnikov, D. I. Arnold, S. P. Naurzakov,
and M. E. Fisher, Phys. Rev. Lett.78, 1735 (1997)].

[5] R. Lucht and Ch. Bahr, Phys. Rev. Lett.78, 3487 (1997).
[6] T. J. Sluckin and A. Poniewierski, inFluid Interfacial

Phenomena,edited by C. A. Croxton (Wiley, Chichester,
1986), p. 215, and references therein.

[7] D. Beaglehole, Mol. Cryst. Liq. Cryst.89, 319 (1982).
[8] S. Immerschitt, T. Koch, W. Stille, and G. Strobl,

J. Chem. Phys.96, 6249 (1992).
[9] H. Kasten and G. Strobl, J. Chem. Phys.103, 6768 (1995).

[10] K. Miyano, Phys. Rev. Lett.43, 51 (1979).
[11] H. Hsiung, Th. Rasing, and Y. R. Shen, Phys. Rev. Let

57, 3065 (1986).
[12] W. Chen, L. J. Martinez-Miranda, H. Hsiung, and

Y. R. Shen, Phys. Rev. Lett.62, 1860 (1989).
[13] G. P. Crawford, R. J. Ondris-Crawford, S.̌Zumer,

and J. W. Doane, Phys. Rev. Lett.70, 1838 (1993);
G. P. Crawford, R. J. Ondris-Crawford, J. W. Doane, an
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