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X-ray reflectivity study of smectic wetting and prewetting at the free surface of isotropic
liquid crystals
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We study the structures of free-surface-wetting layers above the isotropic to smectic-A transition of three
liquid-crystal compounds that show different kinds of growth of the wetting film as the bulk transition is
approached: layer-by-layer, continuous, and continuous with prewetting. The smectic-A surface phase of the
layer-by-layer compound consists of well-defined layers and possesses a sharp boundary to the isotropic bulk
phase, whereas in the two continuous compounds sinusoidal density oscillations with a continuously decaying
amplitude are found. In the continuous case with prewetting, the wetting film below the prewetting transition
does not show an essential difference to the continuous case without prewetting.
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Thermotropic liquid crystals exhibit a wealth of surfa
phenomena related to surface-induced order, wetting, and
choring@1#. Besides linear alkanes and alcohols@2,3#, liquid
crystals are prime examples of systems that are at their
face more ordered than in the bulk. If an isotropic to liqu
crystal phase transition or a transition between differ
liquid-crystal phases is approached from above, the lo
temperature phase appears at the free surface already a
peratures well above the bulk transition temperature. W
bulk phase coexistence is approached, the thickness o
surface phase can diverge~complete wetting! or stay finite
~partial wetting!. Corresponding studies were conducted
various transitions between different smectic phases@4# and
also at transitions involving the nematic or isotropic pha
namely, the nematic to smectic-A (Sm-A) @5#, isotropic to
nematic@6#, and isotropic to Sm-A @7# transitions. Nematic
and Sm-A phases of rodlike molecules are orientationa
ordered fluids, in the Sm-A phase additionally a weakly de
fined layer structure or density wave exists.

We concentrate in the following on the case of the isot
pic to Sm-A transition. Near this transition, the wetting b
havior at the free surface has been studied@7–9# in nCB and
nOCB @10# compounds. Approaching the isotropic-SmA
bulk transition from above, a finite number of smectic laye
develops successively at the surface via a series of laye
transitions. With increasing alkyl chain lengthn two tenden-
cies are observable: the number of layers, which success
develop and are finally present at coexistence~5 in 12CB, 2
in 16OCB!, decreases and the appearance of the laye
transitions becomes more discontinuous in character~they
are considerably smeared out in 10CB, sharper but still c
tinuous in 12CB!. The experimental observations are par
predicted by theoretical models@11#. We have recently stud
ied a larger variety of liquid-crystal compounds@12–16# and
found some new free-surface wetting behaviors at isotro
Sm-A transitions, e.g., a single prewetting transition fo
lowed by a completely continuous growth of the surfa
Sm-A phase.
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In this paper, we are concerned with the relation betwe
the different kinds of growth of the surface Sm-A phase and
the internal structure of this Sm-A wetting film. Intuitively,
in the case of a layer-by-layer growing Sm-A surface phase
one expects the presence of well-defined layers and a s
interface between the smectic surface and the isotropic b
whereas a continuously growing Sm-A surface phase implies
either a rough smectic-isotropic interface or a sinusoidal d
sity profile with a continuously decaying amplitude inste
of discrete layers. The same scenario results from theore
arguments describing general multilayer adsorption phen
ena@17#. To our knowledge, no experimental study has be
reported in which, for the same kind of bulk transition, t
structure of a wetting layer is compared for different kinds
wetting layer growth. Whereas ellipsometry is well suited
monitor the temperature-dependent growth of the liqu
crystalline wetting layer, it does not provide detailed info
mation about the internal structure of the wetting layer, e
ellipsometry cannot distinguish between nematic or sme
phases. We report here results of x-ray reflectivity measu
ments at the free surface of three selected liquid-crystal c
pounds showing different kinds of growth of the wetting fil
above an isotropic-Sm-A transition: layer-by-layer, continu
ous, and continuous with prewetting. The obtained electr
density profiles show considerable differences between
layer-by-layer compound and the two continuous co
pounds, the presence of a prewetting transition, howe
does not appear to influence the basic structure of the sm
wetting layer.

The three compounds under investigation are labe
18.O.6̄, 9O.4, and12.O.6̄ @18#; all three compounds show
an isotropic to Sm-A transition at which a pretransitiona
growth of a surface Sm-A phase occurs as the bulk transitio
is approached from above. As shown by ellipsomet
18.O.6̄ shows a layer-by-layer growth of the surface pha
@15,16#, 9O.4 a continuous growth@14#, and12.O.6̄ a con-
tinuous growth with a single prewetting transitio
@12,13,16#. For the x-ray reflectivity measurements,
'1 mm thick film of the isotropic liquid-crystal samples
prepared on a silicon wafer (733 cm2) which is placed into
d-
©2001 The American Physical Society04-1
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a temperature controlled oven allowing access for the x-
beam through small captone windows. The home built x-
reflectometer~details can be found in Ref.@19#! uses a stan-
dard Cu tube to generate the x-ray beam that passes a G¨bel
mirror monochromator (l51.542 Å) before it is incident on
the sample surface with an angleu i , which can be adjusted
between 0° and'5°. The intensity of the reflected beam
measured by a position sensitive detector, which is alw
adjusted to the specular position. The reflectivityR(u i) is
determined at constant temperature in au i range from 0.08°
~which is just below the critical angleuc of total reflection!
up to 2° –3° within a time of 12 h to 24 h. During this tim
the temperature in the oven is permanently monitored b
thermistor that is located near the sample surface, the t
perature fluctuations within 24 h are smaller than 20 mK

The principles of x-ray-reflectivity of liquid surfaces a
explained in detail in Refs.@8,20#. Generally,R depends on
the variation of the electron densityre in the direction along
the surface normal and the measuredR(u i) or R(qz) curves
(qz5(4p/l)sinui being the momentum transfer normal
the surface! are compared with calculatedR(qz) curves re-
sulting from model structures. We use for this calculation
multilayer approach of Parratt,@21# a roughness of the laye
interfaces is taken into account as described by Ne´vot and
Crocet.@22# The electron-density profilere(z) of the isotro-
pic liquid surface is modeled by a step function convolu
with a Gaussian of widths0. We used two approaches t
model there(z) profile of the surface Sm-A phase: First, a
discrete layer model, in which a finite number of layers w
thicknessdi and constantre,i values, which are either large
~representing the benzene rich molecular cores! or smaller
~representing the alkyl tails! than the isotropic bulk value
re,iso is used; each layer interface is allowed to posses
certain Gaussian widths i . Second, a continuous model
which the Sm-A phase is represented by a sinusoidally os
lating re(z) profile with a decaying amplitudeA}e2z/j. De-
tails of the model profiles~values ofre,i , di , s i , . . . ) will
be reported in a forthcoming longer paper. We concent
here on the essential qualitative properties of the mo
re(z) profiles.

Figure 1 shows our results for the compound18.O.6̄. The
layer-by-layer growth of the Sm-A surface phase is wel
demonstrated by the temperature dependence of the elli
ity coefficient r̄. @23# The R(qz) curves were determined a
temperatures where ellipsometry indicated the presence
1, 2, 3, or 4 smectic layers. As shown in Fig. 1~b!, the mea-
suredR(qz) curves can be quantitatively reproduced by c
culatedR(qz) curves corresponding tore(z) profiles @Fig.
1~c!# resulting from the discrete layer model describ
above. We also tried the continuous model profile descri
above~which gave poor fitting results!, and a constant am
plitude sinusoidal profile terminating after a finite number
oscillations~this kind of profile was used for 12CB@7#! but
the results were not as good as with the discrete layer mo
Thus, it seems that the density variation is not purely si
soidal but contains contributions of higher harmonics. F
thermore, the smectic order in the first layer at the surf
appears to be considerably larger compared to the inte
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layers since it shows a higher electron density in its cen
part. Even theR(qz) curve measured 23 K above the bu
transition temperature@above the first layering step, no
shown in Fig. 1~a!# is best reproduced if one allows for
slightly enhanced electron density at the surface~curve a in
Fig. 1~c!. @24#!

The compound 9O.4 shows in bulk an isotropic-SmA

FIG. 1. Results for compound18.O.6̄. ~a! Temperature depen

dence of the ellipticity coefficientr̄ of the free surface near th
isotropic—Smetic-A bulk transition temperatureTAI586.9°C; the
letters indicate the temperatures where x-ray reflectivity meas
ments were conducted.~b! X-ray reflectivityR of the free surface as
function of momentum transferqz at temperatures 23 K curve~a!,
2.9 K curve~b!, 1.4 K curve~c!, 0.4 K curve~d!, and 0.15 K curve
~e! aboveTAI ; symbols denote measured values, solid lines
calculated values resulting from there profiles shown in~c! ~with
the exception of curve e, each curve is shifted by logR52 relative
to its lower curve!. ~c! Electron densityre as function of distancez
from the free surface for the fiveR(qz) curves shown in~b! ~with
the exception of curve e, each curve is shifted byre50.2 Å23

relative to its lower curve!.
4-2
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transition like18.O.6̄, but the pretransitional growth of th
liquid-crystal surface phase is completely continuous a
demonstrated by the ellipsometric data shown in Fig. 2~a!.
Since ellipsometry probes mainly the orientational order a
the resulting optical anisotropy, it cannot directly distingui
between a nematic or smectic phase. However, the x-ray
sults described in the following show clearly that the surfa
phase appearing on the isotropic bulk phase of 9O.4 is sm
tic. When we tried to fit the measuredR(qz) curves, that are
shown in Fig. 2~b!, neither the discrete layer model nor th
continuous model worked well. The best reproduction of
experimental reflectivity values is achieved by a combinat
of both, i.e., a sinusoidally oscillatingre(z) profile with de-

FIG. 2. Results for compound 9O.4.~a! Temperature depen

dence of the ellipticity coefficientr̄(TAI580.7°C). ~b! X-ray re-
flectivity R(qz) at temperatures 15 K curve~a!, 1.75 K curve~b!,
1.0 K curve~c!, 0.5 K curve~d!, and 0.12 K curve~e! aboveTAI .
~c! Electron densityre(z) profiles for the fiveR(qz) curves shown
in ~b! ~For additional explanation, see caption of Fig. 1.!
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caying amplitude is appended to a single discrete surf
layer, which is allowed to have its own thickness andre
value. The corresponding electron-density profiles are sho
in Fig. 2~c!. The most obvious difference to
18.O.6̄—besides the different nature of the interface b
tween surface and bulk phase, which is now continuous
no longer a sharp boundary—is the considerably smaller
plitude of the electron-density variations. Since the m
ecules of both compounds possess a similar electron-de
distribution, the smaller amplitude indicates a smaller sm
tic order parameter in the surface phase of 9O.4.

The results for12.O.6̄ are shown in Fig. 3. Close to it

FIG. 3. Results for compound12.O.6̄. ~a! Temperature depen

dence of the ellipticity coefficientr̄(TAI589.05°C).~b! X-ray re-
flectivity R(qz) at temperatures 13 K curve~a!, 1.3 K curve~b!, 0.7
K curve ~c!, 0.4 K curve~d!, and 0.15 K curve~e! aboveTAI . ~c!
Electron densityre(z) profiles for the fiveR(qz) curves shown in
~b!. ~For additional explanation, see caption of Fig. 1.!
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isotropic-Sm-A bulk transition,12.O.6̄ shows the same be
havior as 9O.4, namely a continuous growth of the surf
wetting film. At a temperature 1 K above its bulk transition
12.O.6̄ shows a prewetting transition as is indicated by
sharp jump inr̄. If the ellipsometric data shown in Fig. 3~a!
are interpreted by means of a simple slab model, the jum
r̄ corresponds to a wetting-layer thickness change of ab
two molecular layers.@12# The x-ray reflectivity data@Fig.
3~b!# of 12.O.6̄, however, indicate that a slab model wi
sharp boundaries is not appropriate to describe the struc
of the wetting layer. The twoR(qz) curves, which were de
termined at temperatures 12 K and 0.3 K above the prew
ting transition, do not indicate the presence of a signific
smectic surface order. Below the prewetting transition,
measured reflectivity data can be reproduced by sim
re(z) profiles as in the case of 9O.4: a discrete surface la
to which a sinusoidal oscillating profile is appended. A
temperature 0.3 K below the prewetting transition the si
soidal part of there(z) profile is rapidly decaying, no more
than two oscillations are discernible. Thus, the jump in
ellipticity coefficient r̄, which is observed in12.O.6̄ and
interpreted as a prewetting transition, does not correspon
a thickness change of a well-defined wetting layer, rathe
indicates a discontinuous appearance of a smectic sur
phase that continuously transforms, with increasing dista
from the surface, into an isotropic bulk phase.

In summary, we have studied experimentally the relat
between the growth process of a smectic wetting layer an
internal structure. As to be expected, the x-ray reflectiv
data of the Sm-A surface phase of the compound18.O.6̄,
nd
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which shows a layer-by-layer growth, are well reproduced
modelre(z) profiles consisting of a finite number of discre
smectic layers on an isotropic bulk phase with constant e

tron density. For the two compounds 9O.4 and12.O.6̄,
which show near the bulk transition a continuous growth
the wetting layer, the obtained x-ray data indicate dens
profiles consisting of one discrete surface layer to whic
sinusoidally oscillating profile with decaying amplitude
appended. An oscillating profile with a continuously deca
ing amplitude was earlier observed for Sm-A surface phases
on nematic bulk phases.@5,25,26# Our results show that a
Sm-A phase can grow in the same way into an isotro
phase. It would be interesting to study to what extent sme
~positional! and nematic~orientational! order are coupled
during this growth; we are currently checking whether co
bined ellipsometry and x-ray reflectivity measureme
would enable an unambiguous determination of both or
parameters. When comparing 9O.4~continuous growth! with

12.O.6̄ ~continuous growth with prewetting!, we do not find
a significant difference in the structure of the wetting laye

near the bulk transition. Although in ther̄(T) curves the

prewetting jump of12.O.6̄ shows a similar discontinuou

appearance as the layering transitions of18.O.6̄, it is obvi-
ously not a ‘‘multiple layering’’ transition, rather it corre
sponds to a discontinuous onset of smectic surface order
detailed nature of this transition still remains to be clarifie
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