
VOLUME 78, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 5 MAY 1997

l
Wetting Phenomena at the Free Surface of the Isotropic Phase of a Smectic Liquid Crysta
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We report an ellipsometric study of the free surface of a smectic liquid crystal possessing a smectic-
A–to–isotropic phase transition. Approaching the transition from above, an ordered surface layer
appears at a discontinuous transition one degree above the bulk transition temperature. With decreasing
temperature the thickness of the surface layer increases continuously, indicating a possible logarithmic
divergence at the bulk transition. The behavior may be described as complete wetting accompanied by
a prewetting transition. [S0031-9007(97)03114-1]

PACS numbers: 64.70.Md, 68.10.–m, 68.45.Gd
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The free surface of thermotropic liquid crystals exer
a pronounced ordering effect to the molecules close
the surface which becomes apparent even above
transition to the isotropic liquid phase: Beaglehole [
has reported an ellipsometric study of the free surfa
of the liquid crystal 5CB [2] above its isotropic-nemati
transition. The results showed the presence of a nem
layer interposing the isotropic liquid-vapor interface; th
nematic coverage was found to diverge logarithmically
the bulk nematic-isotropic transition temperature there
indicating complete wetting. Since then, a number
nematic compounds were found to show essentially
same behavior [3,4].

Whereas in the nematic phase only a long-range o
entational order of the rodlike molecules exists, smec
phases show in addition a quasi-long-range positional
der leading to a layered structure. Thus, above a nema
smectic [5–9] or isotropic-smectic transition [10–13
usually the formation of smectic layers at the free su
face is observed. In particular, above the isotrop
smectic-A sSm-Ad transition of the compound 12CB [14] a
sequence of five successive layering transitions was
served [10,13]; since the number of surface-induc
smectic layers was finite, this behavior corresponds
partial wetting of the isotropic liquid-vapor interface b
the smectic phase.

In this Letter, we report a new wetting behavio
above an isotropic–Sm-A phase transition. Compared to
the behavior of 12CB there are two main difference
first, the thickness of the ordered surface domain gro
continuously with decreasing temperature and possi
diverges at the bulk transition; second, the first appeara
of an ordered surface layer on the isotropic liquid
characterized by a sharp, discontinuous transition. T
corresponding layer thickness just below this transition
not that of a single smectic layer but about twice as larg
Thus, our results may be described by complete wett
accompanied by a prewetting transition.

We have studied the 4-hexyloxyphenylester of
dodecyloxybenzoic acid, labeled in the following a
12.O.6 (cf. Fig. 1), the Sm-A–isotropic transition tem-
peratureTAI of the bulk sample is 89.1±C. The compound
0031-9007y97y78(18)y3487(4)$10.00
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was purified by chromatography and several recrystalliz
tions. The temperature width of the two-phase region
the Sm-A–isotropic transition, observed in a polarizatio
micoscope, was found to be smaller than the resolut
(0.1 K) of the Mettler microscope hot stage.

An approximately 1 mm thick film of12.O.6 was
prepared on a rough glass substrate and placed int
temperature-controlled oven possessing a temperature
bility of the order of 0.02 K. We used a phase-modulat
ellipsometer [15] to study the change of polarization
a laser beamsl ­ 633 nmd upon reflection by the free
surface of our sample film; reflection from the secon
(liquid crystal glass) interface was suppressed by the s
strate roughness. Two quantitiesD andC are determined
which describe the complex amplitude ratiorpyrs of the
p- and s-polarized components of the reflected light a
rpyrs ­ tanC expsiDd [16]. Measurements ofD andC

were carried out as a function of temperatureT and angle
of incidenceui.

Of particular interest is the case whenui equals the
Brewster angleuB. For an ideal steplike interface, on
expectsD to jump byp and tanC ­ 0 if ui ­ uB (in the

FIG. 1. Dependence of the ellipsometric quantity tanC on
the angle of incidenceui for various temperatures above
and below the isotropic–Sm-A bulk transition temperature
TAI ; n: TAI 1 2.9 K, ,: TAI 1 1.7 K, e: TAI 1 0.7 K, h:
TAI 1 0.2 K, ±: TAI 2 0.2 K.
© 1997 The American Physical Society 3487
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following, we use the common designationr (ellipticity
coefficient) for the value of tanC at ui ­ uB). For
a real interface, for whichuB may be defined by the
condition D ­ py2, r is finite and the deviation from
zero is a measure of both the interface roughness (i.e.
deviation from a step profile) and the thickness of a lay
interposing the interface between the two bulk media [1

Figure 1 shows some tanC vs ui curves for tem-
peratures below and aboveTAI . At temperaturesT .

TAI 1 1 K, the curves do not change with temperatu
andr anduB (the values of tanC andui at the minimum)
stay constant. ForTAI , T , TAI 1 1 K, the curves are
shifted so thatr increases anduB decreases with decreas
ing temperature. When the temperature is shifted be
TAI , r drops down to almost zero.

The behavior described above was studied in m
detail by a measurement of the complete temperat
dependence ofr and uB which is shown in Fig. 2. The
corresponding data were taken at a constant tempera
rate (0.05 Kymin) while ui was continuously adjusted s
that 85± , D , 95±. As shown in Fig. 2, the constanc
of r, which is observed for high temperatures (we did n
find a significant change ofr in the T range up toTAI 1

30 K), is abruptly terminated by a sharp, steplike increa
at a temperature 1 K above the bulk temperatureTAI . On
approachingTAI further,r increases continuously until i

FIG. 2. (a) Temperature dependence of the Brewster an
uB. (b) Temperature dependence of the ellipticity coefficientr;
inset: the samer data on a logarithmic temperature scale, t
reduced temperaturet ­ sT 2 TAI dyTAI was calculated with
TAI ­ 89.08 ±C (this value resulted from a least-mean-squa
fit with TAI as a free parameter).
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drops down to almost zero atTAI . The increase ofr is
accompanied by a simultaneous decrease ofuB. The data
shown in Fig. 2 were found to be highly reproducible i
subsequent heating and cooling runs with only a min
downshift of the transition temperatures (,0.1 K in 24 h).
Further, we have used different kinds of rough substra
and did not notice an influence on our data as long as
liquid crystal layer thickness was of the order of 1 mm.

Which qualitative and quantitative properties of ou
experimental system can be extracted unambiguou
from our data? To begin with, we can determine th
values of the refractive indexniso of the isotropic phase
and the ordinarysnod and extraordinarysned indices of
the Sm-A phase from the corresponding values ofuB

[16]: The value ofuB far aboveTAI yields niso ­ 1.48.
If we assume thatno and ne must satisfy the relation
n2

iso ­
2
3 n2

o 1
1
3 n2

e (i.e., if we neglect the small density
difference between the isotropic and the Sm-A phase),
only the valuesno ­ 1.446 and ne ­ 1.545 yield the
experimentally determined value ofuB belowTAI .

The most striking features of our experimental data a
the discontinuity ofr one degree aboveTAI and the steep
but continuous increase ofr on approachingTAI . We first
discuss the continuous increase ofr. Since this increase
is accompanied by a simultaneous decrease ofuB, it is
an indication of the presence of an anisotropic uniax
surface layer with its optical axis parallel to the surfac
normal and its thickness increasing with decreasing te
perature [1]. (An increase ofr alone could be due also
to an increasing roughness of the isotropic liquid-vap
interface but this cannot explain the behavior ofuB.) Al-
though it is easy to construct corresponding refractive i
dex profiles which reproduce our experimentalr values
[18], it is hardly possible to prove a certain profile un
ambiguously. On the other hand, we can obtain a defin
statement about an integral quantity, namely, the covera
G ­

R
fn2

eszd 2 n2
oszdg dz (z being the direction along the

surface normal) which is a measure of the “total amoun
of the anisotropic excess surface order. As long as
characteristic lengths are considerably smaller than
wavelength of the light used for the measurements,r can
be simply written as a sumr ­ r0 1 rG where r0 is
related to the surface roughness andrG is directly pro-
portional to G [1,19]. The inset of Fig. 2 showsr on
a logarithmic temperature scale. The obtained linear d
pendence is consistent with a logarithmic divergence
G [20] at TAI thereby indicating complete wetting of the
isotropic liquid-vapor interface by the anisotropic, proba
bly smectic [21], surface phase, similar to that observ
above isotropic–nematic transitions [1,3,4]. The contin
ity of the increase ofr indicates that the smectic layers
develop continuously and not via a series of layering tra
sitions as observed for 12CB [10]. We should note th
the steep decrease ofr at TAI is not contradictory to a
further increase ofG. In fact, under ideal experimenta
conditions (temperature resolution better than 1 mK) o
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should observe a number ofr oscillations, quenched into
a very narrow temperature interval, sincer as a function
of G displays a nonmonotonic, oscillating behavior.

We now turn to the discontinuous onset of the surfa
order indicated by ther jump 1 K aboveTAI . The
presence of thisr jump does not depend on the sign o
the temperature rate, it appears, accompanied by a v
small hysteresis, on cooling as well as on heating (cf. ins
of Fig. 3). Since the12.O.6 compound shows a direct
isotropic–Sm-A transition, one might think that thisr
jump indicates the formation of a single smectic layer
the surface but our results do not support this assumpti
First, we can make an estimation of the thickness of t
surface layer just below ther jump. The magnitude of
rG just below ther jump is estimated to be 0.01 or
larger (cf. [20]). From this value, one obtains a thickne
of 7 nm (which is about twice the length of the12.O.6
molecule) if we apply a simple slab model, i.e., if w
assume a homogeneous layer possessing sharp bound
and constantno andne values equal to those measured fo
the bulk Sm-A phase belowTAI . The uncertainty of this
thickness estimation, resulting from the fact that we do n
know the exact shape of the refractive index profile, is
the order of 1–2 nm. Second, we have studied the 12C
compound, which shows the formation of single smect
layers at the surface, under the same conditions. Althou
the smectic layer thickness of 12CB amounts to a val
larger than that of12.O.6 [22], the layering transitions of
12CB causer steps which possess only half of the heigh
of the singler jump of 12.O.6 (cf. Fig. 3). Further, the
appearance of ther discontinuity of12.O.6 is considerably
sharper than ther steps of 12CB. Thus, it seems that th
anisotropic layer at the free surface of12.O.6 is produced
by a mechanism different from that of 12CB.

FIG. 3. Comparison of the temperature dependencies of
ellipticity coefficient r for 12CB (a) and 12.O.6 (b); at
least three layering transitions are clearly discernible f
12CB. Inset: Temperature dependence ofr near the possible
prewetting transition of12.O.6; ±: cooling run,¶: heating run.
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To summarize our experimental results, at a temper
ture 1 K above the bulk transition temperatureTAI a dis-
continuous change of the structure of the free surface
isotropic 12.O.6 occurs. The ellipsometric data indicate
the appearance of a uniaxial surface layer with its optic
axis parallel to the surface normal. An estimation of th
layer thickness just below the surface transition leads
a value of about 7 nm. On approachingTAI further, the
coverageG increases continuously. Although the data ar
consistent with a logarithmic divergence ofG at TAI , we
have, because of the limited temperature resolution,
unambiguous proof thatG goes to infinity. On the other
hand, we can definitely state that the surface layer b
comes thick: in the slab approximation the layer thickne
amounts to 70 nm (about 20 molecular smectic layers)
the maximum ofr.

The discontinuous transition at which the surface lay
first appears with decreasing temperature bears the ch
acteristics of a prewetting transition which is expecte
for all systems showing a first-order wetting transitio
at coexistence. Experimentally, prewetting transitions a
seldom observed [23–26] and, to our knowledge, no e
perimental observations of prewetting phenomena ha
been reported for liquid crystals. The behavior observe
here at the free surface of12.O.6 may be thus the first
example of a prewetting transition in liquid crystals.

Several theoretical studies [27–30] are concerned w
the behavior near an interface above isotropic–Sm-A tran-
sitions. Especially suited for a free surface is the study b
Mederos and Sullivan [29] who use a density functiona
model which yields the surface self-consistently betwee
coexisting liquid and vapor phases without introducin
external surface fields. This model predicts partial we
ting and the absence of layering transitions. Our resu
agree with the latter prediction but the observed comple
wetting, or at least a thick surface layer consisting of 2
or more smectic layers, is not predicted.

Based on [29], a more general model (which, howeve
concentrates on the situation near a rigid wall instea
of a free surface) was presented [30] which predicts
variety of behaviors, e.g., prewetting transitions at whic
the surface layer thickness jumps by several smec
layers. Complete wetting, however, is obtained only i
connection with an infinite number of layering transitions
On the other hand, it was proposed [30] that the layerin
transitions may be destroyed by roughening fluctuatio
leading to a single prewetting transition as observed in o
study. Thus, a possible origin of the different behavior o
12.O.6 and 12CB can consist of a different magnitude o
roughening fluctuations, maybe as a result of the high
TAI value of 12.O.6 which is about 30 K above that of
12CB. Another possible origin of the different behavio
may consist of a different “distance” to an isotropic–
nematic–Sm-A triple point: for thenCB series (n gives
the number of C atoms in the alkyl chain), which show
for n , 10 a nematic phase between the isotropic an
3489
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Sm-A phases, the layering transitions are found to becom
less pronounced with decreasingn. A reason for this
may be a broadening of the interface between the smec
surface region and the isotropic bulk (e.g., because of
intermediate nematic region) leading again to rougheni
effects which suppress sharp layering transitions [11
In the homologous series of then.O.m compounds, the
nematic phase appears with decreasingn, m already in
11.O.6 and 12.O.4 [31], i.e., 12.O.6 is close to the
isotropic-nematic-Sm-A triple point. Finally, one should
have in mind that the Sm-A layer structure is different
in both compounds: whereas12.O.6 shows the classical
monolayer Sm-A phase, the large longitudinal dipole in
12CB leads to a partial bilayer Sm-A structure. The free
surface is known to promote polar smectic ordering [7
and may thus favor the formation of single smectic laye
at the surface of 12CB.
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