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The behavior of a nematic liquid crystal at a surfactant-laden interface to an aqueous phase is studied under
the condition of homeotropic anchoring. It is shown that with decreasing surfactant concentration the system
shifts from surface-enhanced to surface-decreased order, i.e., the behavior changes from complete nematic
wetting when the nematic–isotropic phase transition is approached from above to a different wetting behavior
below the transition, characterized by a considerably decreased Maier-Saupe order parameter at the interface.
The experimental behavior is analyzed within the framework of the Landau–de Gennes theory supplemented
by a surface free energy, in which the wetting behavior is controlled by the magnitude of the anchoring strength
and the preferred surface order parameter in comparison to the bulk order parameter. The theoretical modeling
is able to account for all experimental observations.
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I. INTRODUCTION

Thermotropic liquid crystals exhibit a wealth of surface
phenomena related to wetting and anchoring �for reviews,
see �1,2��. Anchoring describes the orientation of the liquid
crystal director n �the average direction of the long molecu-
lar axis of the rodlike molecules� at an interface. Common
anchoring states observed in experimental systems are ho-
meotropic anchoring �n being parallel to the interface normal
z�, planar unidirectional anchoring �n�z in connection with
a preferred in-plane direction of n�, and planar degenerate
anchoring �n�z with all in-plane directions being equiva-
lent�.

Landau–de Gennes models �3–7� and microscopic theo-
ries �8–14� predict a large variety of pretransitional wetting
behaviors depending on the different anchoring situations at
an interface. They can be described by means of three cases
�1�, namely �I� strong or medium homeotropic anchoring,
�II� strong or medium planar anchoring, and �III� weak an-
choring with a possible anchoring transition between homeo-
tropic and planar ordering.

For case I systems, the presence of a thin nematic- or
smecticlike layer �with n � z� is predicted in the temperature
range well above the bulk liquid-crystal to isotropic phase
transition temperature Tb. If the temperature is decreased to-
wards Tb, the thickness of the ordered interface layer should
diverge corresponding to complete wetting of the isotropic
bulk phase by the liquid-crystal phase. For medium homeo-
tropic anchoring strengths, partial wetting �i.e., the thickness
of the wetting layer stays finite as Tb is approached� should
occur. This behavior has been experimentally confirmed and
was widely studied at plane interfaces to air �15–18� and

various substrates �19–28� as well as in cylindrical pores
�2,29–31�. For isotropic–nematic transitions, both complete
and partial wetting can be found; for isotropic–smectic tran-
sitions, mainly the partial wetting behavior is observed and
the wetting layer increases by a finite number of layering
steps.

For case II, a similar scenario of complete or partial
liquid-crystal �with n�z� wetting above Tb is expected,
which may be complicated by the possible occurrence of
biaxial surface phases. However, corresponding experimental
systems, showing, e.g., complete wetting of the isotropic
phase by a planar nematic layer, have not been observed to
date. Experimental systems with planar anchoring show
above Tb either no pretransitonal wetting at all �25,26� or a
thin layer with a negative nematic order parameter �2,32�.
This behavior is expected for the planar side of case III. Both
homeotropic and planar case III systems are also expected to
show a less-ordered or isotropic wetting layer below Tb
which should grow as Tb is approached from below. In other
words, the anchoring situation should determine the wetting
behavior: For strong or medium anchoring, the system
should exhibit enhanced surface order and a more-ordered
surface phase should wet the less-ordered bulk phase above
Tb, whereas for weak anchoring �close to a planar–
homeotropic anchoring transition�, decreased surface order is
expected and a less-ordered surface phase should wet a
more-ordered bulk phase below Tb. Experimentally, wetting
by a less-ordered layer has been observed only on the planar
side of an anchoring transition �32�. We report here the first
experimental example of a system with homeotropic anchor-
ing, in which a less-ordered wetting layer appears which
grows in thickness as Tb is approached from below.

Surfactants are a useful tool for experimental realizations
of anchoring transitions at interfaces to solid substrates �26�
as well as to aqueous phases: Whereas planar anchoring ex-
ists at interfaces to pure water, the presence of surfactants
with the common polar head or nonpolar tail structure leads
to homeotropic anchoring, if the surfactant concentration ex-
ceeds a certain value �33�. Thus, an anchoring transition
from planar to homeotropic can be realized by increasing the
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surfactant concentration at liquid crystal–water interfaces.
We have recently demonstrated that at such interfaces a nem-
atic wetting layer �n � z� exists above Tb for sufficiently
strong homeotropic anchoring and that the strength of the
ordering surface field can be controlled by the variation of
the surfactant concentration in the aqueous phase �34�.

In the present study, we consider the behavior in this sys-
tem at low surfactant concentrations where the anchoring is
still homeotropic but close to the transition to planar anchor-
ing. We show that with decreasing surfactant concentration
the wetting behavior changes from nematic wetting above Tb
to a different wetting phenomenon below Tb which is char-
acterized by a considerably decreased nematic order param-
eter at the interface to the aqueous phase. The thickness of
this decreased order parameter region increases as Tb is ap-
proached from below. We show that a theoretical model
based on the Landau–de Gennes theory, in which the influ-
ence of the interface is described by two quantities, anchor-
ing strength � and preferred surface order parameter S0, is
able to describe the experimentally observed behaviors
above and below Tb. Using one set of bulk parameters, we
are able to fit all the experimental data. In addition, we de-
termine the path in the � ,S0 plane, on which the experimen-
tal system is moving as the surfactant concentration is de-
creased and also clarify at which surfactant concentration our
system exhibits partial or complete wetting when the phase
transition is approached. Thus, as we demonstrate now in
detail, our combined experimental and theoretical investiga-
tion offers a clear picture of the wetting behavior at
surfactant-laden liquid-crystal–water interfaces in the case of
homeotropic anchoring.

II. EXPERIMENT

We study the liquid-crystal compound 8CB �4-octyl-
4�-cyanobiphenyl�; the material was bought from Synthon
Chemicals, Germany, and used as received. The bulk
nematic–isotropic transition temperature Tb of 8CB is at
41 °C. Figure 1 gives a schematic of our sample cell. The

liquid crystal is contained in a teflon tube �diameter 7 mm�
which dips into a reservoir with an aqueous solution of the
surfactant CTAB �hexadecyltrimethylammonium bromide;
bought from Aldrich and used as received�. The thickness of
the liquid-crystal sample amounts to several mm, so that the
liquid-crystal–air interface is well separated from liquid-
crystal–water interface. Since the aqueous phase does not
intrude between the organic liquid crystal and the teflon sur-
face, it is possible to tune the curvature of the liquid-crystal–
water interface by adjusting the immersion depth of the te-
flon tube and a plane interface, suitable for ellipsometric
measurements, can be prepared. The interface is located in
the center of a spherical glas container which is placed in a
copper oven allowing for optical access of the incident and
reflected laser beam of the ellipsometer.

The temperature of the sample is controlled with a reso-
lution of �0.02 K. A phase-modulated ellipsometer is used
to determine the magnitude tan � and the argument � of the
complex amplitude ratio rp /rs=tan � exp�i�� of the p- and
s-polarized components of the laser beam ��=633 nm�
which is reflected from the liquid-crystal–water interface.
Since the adsorption of the surfactant at the interface needs
some time, the sample is allowed to equilibrate for a certain
period before a measurement of the temperature dependence
is started. This period ranges from several hours at larger
CTAB concentrations to several days at very low CTAB con-
centrations; the equilibration is monitored by measuring the
ellipsometric parameters at a fixed temperature just above
the nematic–isotropic bulk transition until the values stay
constant.

For the measurements of the temperature dependence,
data are continuously collected while the temperature is
changed at a slow constant rate �typically 0.02 K/min�. The
angle of incidence �i is permanently adjusted so that the
value of � is between 85° and 95°. Under this condition, �i is
a good approximation of the Brewster angle �B and the value
of tan �, then designated as ellipticity coefficient �̄, is most
sensitive to the presence of an interface layer which differs in
its optical properties from the two bulk media. The relative
accuracy of our �̄ and �B values is better than 1%, however,
the absolute accuracy is of the order of 5% since errors or
imperfections from several sources �calibration of the ellip-
someter, alignment of the optical components, adjustment of
the interface of the sample� add up.

Figure 2 shows examples of the experimentally deter-
mined temperature dependencies of �̄ and �B for different
CTAB concentrations ca in the aqueous bulk phase. The be-
havior at concentrations ca�0.8 �M has already been ana-
lyzed in �34�; in this concentration range, corresponding to
the type I case �strong or medium homeotropic anchoring�,
the interface is wetted above Tb by a nematic film which
shows a pronounced, divergent growth in thickness as
T→Tb as theoretical modeling reveals. This behavior is il-
lustrated by the pronounced growth of �̄ in Fig. 2�a� which
shows the data for ca=0.8 �M. Lowering the surfactant con-
centration results in marked changes of �̄�T�. Figures
2�b�–2�d� show the experimental data for ca=0.7 �M,
0.6 �M, and 0.4 �M. It is obvious that the pretransitional
increase of �̄ above Tb becomes less pronounced and finally
vanishes as ca is decreased to 0.4 �M. On the other hand, for
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incident light:

∆ = 0

tan Ψ = 1

reflected light:

∆ = f(θi, nw, nlc⊥, nlc‖)

tan Ψ = g(θi, nw, nlc⊥, nlc‖)

FIG. 1. �Color online� Schematic setup for ellipsometric mea-
surements at the interface between thermotropic liquid crystals and
aqueous phases. The ellipsometric parameters � and � of the re-
flected light depend on the angle of incidence �i and the refractive
index profile of the interface.
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this concentration a pretransitional increase of �̄ is now ob-
served as Tb is approached from below. For the sample, with
ca=0.6 �M, a pronounced increase of �̄ is observed on nei-
ther side of Tb.

The behavior of the Brewster angle �B is consistent to that
of �̄. Although �B is less sensitive to the presence of thin
interface layers, it clearly exhibits pretransitional effects
above Tb for the 0.8 �M and 0.7 �M samples. In the
0.6 �M and 0.4 �M samples, �B is constant above Tb �below
Tb, the temperature dependence of the nematic bulk order
parameter masks any pretransitional effects in �B�. It is im-
portant to note that �B decreases for all samples by �4° at
Tb, which unambigously indicates a homeotropic anchoring
of the nematic director for all samples �planar anchoring
would result in an increase or, depending on the in-plane
director orientation, in a constant behavior of �B�. The ho-
meotropic anchoring is also confirmed by the absence of any
fluctuations in the measured �̄ and �B values, which are to be
expected if the director possesses a nonzero in-plane compo-

nent, and which are indeed observed when the aqueous phase
consists of pure water �34�.

From the data presented in Fig. 2 one can draw
already some qualitative conclusions: The 8CB/CTAB/H2O
system shows above Tb complete wetting of the isotropic
liquid-crystal–aqueous interface by a nematic layer for
ca�0.7 �M �34�. If ca is decreased to 0.4 �M, an indication
of a pretransitional wetting above Tb is no longer observed,
i.e., the complete wetting behavior has been replaced by a
nonwetting situation. This happens without changing the
kind of anchoring which is homeotropic for all CTAB con-
centrations down to 0.4 �M. The vanishing of the nematic
wetting above Tb is accompanied by the appearance of a
different pretransitional wetting phenomenon below Tb. The
ellipsometric data of the wetting behavior below Tb can be
qualitatively reproduced by a simple slab model, in which
the interface between the aqueous phase and the nematic
bulk phase is wetted by a nematic layer possessing an order
parameter which is considerably smaller than that of the
nematic bulk phase.

In the following section, we present a theoretical model
based on the Landau–de Gennes theory which can reproduce
the experimentally observed behavior above and below Tb
for all CTAB concentrations. As a result, we are able to
connect these concentrations to parameters of the theory,
namely the surface anchoring strength � and the preferred
order parameter S0 at the surface. In addition, the modeling
will clarify where, in the experiment, complete or partial
wetting occurs. It will also show that the nematic order pa-
rameter of the 0.4 �M sample �Fig. 2�d�� close to Tb is de-
creased at the interface by more than 70% compared to the
bulk value and the thickness of the decreased order param-
eter region between the aqueous interface and the bulk nem-
atic phase amounts to �30 nm. This means that we are close
to the case what would be called a “disordering surface.”

III. THEORY: WETTING OF A PLANAR INTERFACE

We summarize here the theory needed to study both wet-
ting of an interface with nematic order when the nematic-
isotropic phase transition is approached from above and sup-
pression of nematic order or wetting of the interface with the
isotropic phase when the phase transition is approached from
below. In concrete, we investigate the orientational order of a
nematic liquid crystal in a semi-infinite space �z�0� induced
by a bounding planar interface at z=0.

In general, the surface-induced orientational order is
quantified by a traceless and symmetric second-rank tensor
Q �35–38�, also called the alignment tensor �39�. Starting
from a microscopic level, it is defined by Qij =�	̂i	̂ j −

1
3
ij

�,
where the unit vector 	̂ indicates the directions of single
molecules and �¯� means average over all molecules in a
sufficiently large volume. Our experiments show that the
water–liquid-crystal interface with a sufficient amount of
surfactant induces uniaxial ordering of the liquid-crystal
molecules in the bulk with a uniform director field n�x�=ez

oriented along the surface normal commonly referred to as
homeotropic anchoring of the molecules. So we can unam-
biguously choose an uniaxial order parameter Qij�z�
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FIG. 2. �Color online� Temperature dependence of ellipticity
coefficient �̄ for different CTAB concentrations: �a� 0.8 �M, �b�
0.7 �M, �c� 0.6 �M, and �d� 0.4 �M. Solid lines or small dots are
experimental data; open circles are calculated values resulting from
the theoretical model described in Sec. III. The insets show the
temperature dependence of the Brewster angle �B; y units: deg; x
units: K.
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= S̃�eziezj −
1
3
ij�, where S̃�z� is the Maier-Saupe order param-

eter.

A. Free energy

Using this Qij�z� in the Landau–Ginzburg–de Gennes free
energy density �40,41�, we arrive at the free energy per unit

area in terms of the order parameter profile S̃�z�:

F̃A�S�z�� = 	
0

� 
1

3
a0�T − T*�S̃2 −

2

27
bS̃3 +

1

9
cS̃4

+
1

3
L1�dS̃

dz
�2dz +

W

3
�S̃�0� − S̃0�2, �1�

where T is temperature and T* denotes the supercooling tem-
perature of the isotropic phase. In addition, we introduced a

surface potential F̃S= �W /3��S̃�0�− S̃0�2 with the preferred or-

der parameter S̃0 at the surface and the surface-coupling

strength W�0 that penalizes any deviation of S̃�0� from S̃0.
Note that the surface potential differs from the one used by
Sheng in his seminal work on the boundary layer transition

�3�. A wetting diagram for nematic wetting on the basis of F̃S

was published only recently �6�. Furthermore, F̃S is crucial
for being able to fit all of our experimental curves in Sec. II
with one set of bulk parameters a0, T*, b, c, and L1. We
checked that this was not possible with the simpler surface
potential used by Sheng.

The number of parameters in Eq. �1� is reduced consider-
ably and thus theoretical analysis is simplified by using a

rescaled order parameter S= S̃ /r �r=2�6b /9c� and tempera-
ture =a0�T−T*� /cr2. Furthermore, all lengths and the free
energy density are given, respectively, in units of �
=�L1 /cr2 and �f =cr4 /3, where 2�2� denotes the nematic
coherence length at the nematic-isotropic phase transition.
Introducing also the dimensionless surface-coupling param-
eter �=W� /L1, which quantifies the competition between
surface and elastic free energy, the reduced free energy per
unit area reads

FA�S�z�� = 	
0

� 
 fb + �dS

dz
�2dz + ��S�0� − S0�2 �2�

with the bulk free energy density

fb = S2 −
1
�6

S3 +
1

3
S4. �3�

Note that by rescaling the free energy F̃A, we are left with
only three essential parameters: Temperature , preferred or-
der parameter S0, and surface anchoring strength � that com-
pletely determine the wetting behavior of the liquid crystal.
Furthermore, according to the bulk free energy density fb,
the bulk nematic-isotropic phase transition from S=0 to Sb
=�6/4�0.612 occurs at b=1/8, and †=9/64 is the super-
heating temperature of the nematic phase.

Based on free energy FA, we will study wetting both for
surface-induced prolate order �S�0�, where the liquid-

crystal molecules align preferentially along the surface nor-
mal, but also for oblate order �S�0�, where they want to be
parallel to the interface. However, the second case has to be
treated with caution since one expects biaxial orientational
ordering as several theoretical studies for temperatures above
b have already shown �4,7,42–46�.

B. General formalism

Variation of the free energy �2� in order to determine the
order parameter profile S�z� that minimizes FA gives the
Euler-Lagrange equation for the bulk,

d2S

d2z
=

1

2

dfb

dS
, �4�

and the two boundary conditions at the interface,

�dS

dz
�

z=0
= ��S�0� − S0� , �5�

and far from it,

�dS

dz
�

z→�

= 0 or lim
z→�

S�z� = S�. �6�

For z→� the orientational order is uniform and the bulk
value S� is determined by minimizing the bulk free energy
density fb of Eq. �3�. Integrating the Euler-Lagrange equation
�4� once and determining the integration constant from
boundary condition �6�, gives

�dS

dz
� = �fb�S� − fb�S�� . �7�

Finally, this formula together with boundary condition �5� at
the interface, determines the order parameter S�0� at the in-
terface:

��S�0� − S0� = �fb„S�0�… − fb�S�� . �8�

For �b, Figures 3�a� and 3�b� illustrate graphical repre-
sentations of Eq. �8� for 0�S0�Sb and S0�0, respectively.
Note that in this case fb�S���0. When multiple solutions for
S�0� occur, the absolute minimum of the free energy FA has
to be determined. Combining Eqs. �2� and �7� and using a
transformation of the integration variable from z to S under
the reasonable assumption that S�z� is monotonic, one ulti-
mately arrives at

FA = K ± 2	
S�0�

S�

��fb�S� − fb�S�� � ��S − S0��dS , �9�

with the constant K= fb�S��d−��S�−S0�2, where d is the
sample thickness in units of � and fb�S��d is the bulk free
energy, when the whole sample would exhibit bulk order �3�.
The upper and lower signs refer to dS /dz�0 and
dS /dz�0, respectively. The first case occurs, e.g., for
�b when S�z� approaches S� starting from S�0��S� and
the second case applies to �b when S�z��0 decays mono-
tonically to S�=0. For the situation illustrated in Fig. 3�b�, a
graphical representation of FA is possible: The free energies
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of the different solutions Si�0� differ by the areas 1 and 2
enclosed by the curved and one of the straight lines. The dots
indicate the absolute minimum of the free energy FA. So if
the areas are equal �reminiscent to the Maxwell construc-
tion�, a �pre�wetting transition between different wetting pro-
files occurs. In Fig. 3�a� such a graphical representation of
FA does not exist, but after a careful inspection one is able to
show that solutions of the type marked by the dot always
correspond to the absolute minimum.

Once S�0� is known, the concrete profile S�z� follows
from the implicit equation

z = ± 	
S�0�

S�z� dS
�fb�S� − fb�S��

, �10�

where Eq. �7� was integrated from the interface to z. Differ-
ent examples for such profiles are illustrated in Fig. 4 for 
�b. Complete wetting of the interface with an isotropic
phase can occur for →b when S�0��0 �see curve �4� in
Fig. 4� since at the phase transition fb�S=0�= fb�S�=Sb�. So
a macroscopically thick layer of isotropic liquid close to the
interface is allowed for energetical reasons. To quantify the
thickness of wetting layers, we note that every extremum Sm
in the bulk free energy fb gives rise to an inflection point in
the profile S�z� as stated by the the Euler-Lagrange equation
�4�. We define the thickness L of a wetting layer by the
distance of the inflection point from the interface:

L = ± 	
S�0�

Sm dS
�fb�S� − fb�S��

. �11�

If two inflection points exist, the one with the largest dis-
tance is chosen. Whenever fb�S� approaches fb�S��, a singu-
larity occurs in the definition �11� and L diverges as we will
demonstrate for �b in Sec. III D.

C. Nematic wetting on approaching the nematic-isotropic
phase transition from above

Wetting of a planar interface with a uniaxial nematic order
when the nematic-isotropic phase transition is approached
from above is a well-studied problem since the first work by
Sheng �3�. One of the authors has recently published a three-
dimensional wetting phase diagram depending on tempera-
ture and the two parameters of the surface free energy in Eq.

-0.4 0 0.4 0.8 1
0

0.02

0.04

0.06

0.08

0.1

0.2 0.4 0.6 0.8 1

0.05

0.1

0.15

S(0)

Sm S(0)

1

a)

2

b)

γ|S
(0

)−
S 0
|,

√
f b

(S
(0

))
−

f b
(S

∞
)

FIG. 3. Graphical solution of Eq. �8� for �a� �b and
0�S0�Sb or �b� =b and S0�0. The straight lines correspond to
��S�0�−S0� and the curved to �fb(S�0�)− fb�S��. The dots indicate
the absolute minimum of the free energy FA. In �b� the free energies
of the first three solutions differ by the areas 1 and 2 enclosed by
the curved and one of the straight lines. With increasing �, a pa-
rameter value is passed where the areas 1 and 2 are equal �Maxwell
construction� and where the absolute minimum S�0� jumps from a
positive to a negative value.
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�2� �6�. We shortly review it here in Fig. 5 as a projection
along the temperature axis on the S0 ,� plane located at the
phase transition temperature =b. We especially want to
demonstrate where the surfactant-laden water–liquid-crystal
interfaces in our experiments are located in this diagram.

The full line in Fig. 5 separates the regions of complete
and partial wetting. In the first case, a macroscopically thick
nematic layer develops close to the interface when the bulk
phase transition is approached with decreasing temperature,
whereas in the second case the nematic film only has a mi-
croscopic thickness. The dashed line is the projection of a
critical line on the S0 ,� plane at b. It terminates a prewet-
ting surface in the full S0 , ,� wetting diagram. When cross-
ing this surface with decreasing temperature, the order pa-
rameter profile jumps from the thin to the thick-film solution
before its thickness diverges at temperature b. When cross-
ing at b the curved full line �S0�Sb� in Fig. 5 from below, a
first-order wetting transition occurs; whereas the transition is
second order when the vertical full line at S0=Sb is traversed
from the left, i.e., the thickness of the nematic film at =b
diverges when the vertical line is approached from S0�Sb.
So the filled square in Fig. 5 indicates a tricritical point. It is
located at �S0=Sb ,�=�b=0.354�.

D. Isotropic wetting on approaching the nematic-isotropic
phase transition from below

Here we discuss the possibility that the isotropic phase
can wet the interface when the nematic-isotropic phase tran-
sition is approached from below, i.e., when the bulk phase is
in the nematic state. Figure 6 presents the relevant wetting
phase diagram in the parameter space of the surface poten-
tial. Again, it is a projection of the full S0 , ,� wetting dia-

gram onto the S0 ,� plane at b. It looks very similar to the
diagram for nematic wetting illustrated in Fig. 5. Indeed the
full line, indicating the wetting transitions, results from the
analogous line in Fig. 5 when mirrored at S0=Sb /2. It sepa-
rates again a region of complete from a region of partial
wetting. In the second case, the nematic order parameter
close to the interface is reduced relative to the bulk value S�

�for S0�S�� but never reaches 0 in order to be able to com-
pletely wet the interface with the isotropic phase. The dashed
line in the partial-wetting regime divides a region where the
wetting layer, following our definition �11�, has zero thick-
ness L from a region with L�0. In the case of L=0, the
maximum Sm in the free energy is smaller than S�0� �see Fig.
3� so that the profile S�z� does not have an inflection point;
see curve �1� in Fig. 4 as an example. In Fig. 6 the separating
line is given for =b. For arbitrary temperatures �b, it is
determined by using S�0�=Sm in Eq. �8� which leads to

�L =
�9 − 64�3/4

2�2�3 − �9 − 64 − 8�6S0/3�
. �12�

In the region �0�L���, the profile has one inflection point
�see, e.g., curve �2� in Fig. 4�. When at =b the vertical part
of the wetting line in Fig. 6 is approached, L starts to diverge
�see, e.g., curve �3� in Fig. 4�. This is obvious with the help
of the graphical solution of Eq. �8�: For S0→0 and ���b

�where �b is the slope of �fb(S�0�) at S�0�=0�, S�0� also
tends to zero: S�0�→0. Therefore, a singularity in Eq. �11�
for L occurs since fb�0�= fb�Sb�=0 at =b. Concentrating on
the singularity, one finds a logarithmic divergence for L:

L � 	
S�0�

Sm dS
�bS

�
− 1
�b

ln S�0� for S�0� → 0. �13�

So on approaching the vertical part of the wetting line in the
wetting phase diagram �Fig. 6�, a second-order transition oc-
curs. The curved part of the wetting line is determined by the
Maxwell construction as illustrated in Fig. 3�b� at =b. In
the partial-wetting regime, S�0� is positive and L is always
finite. When areas 1 and 2 in Fig. 3�b� are equal, S�0� jumps
to a negative value and a macroscopically thick film of iso-
tropic phase wets the interface �see the profile �4� in Fig. 4�.
So when crossing the curved part of the wetting line, a first-
order transition occurs since L jumps to infinity. The Max-
well construction can also be applied to temperatures below
b, where it defines the prewetting surface. At b, the surface
ends in the curved part of the wetting line and for �b in a
critical line, whose projection on the S0 ,� plane is shown as
a dashed line in Fig. 6. When crossing the prewetting surface
with decreasing temperature, the thickness L of the wetting
layer jumps and ultimately diverges logarithmically on ap-
proaching b. The curved and vertical part of the wetting line
meet in a tricritical point at �S0=0 ,�=�b=0.354�, indicated
by the filled square in Fig. 6. Finally, we note that at =b,
fb�S� is symmetric about S=Sb /2 �see Fig. 3�b��, which ex-
plains why the wetting lines for nematic and isotropic wet-
ting are mirror images of each other. This, however, does not
apply to the prewetting surfaces and, especially, their termi-
nating critical lines.
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FIG. 6. Wetting diagram for isotropic wetting when b is ap-
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3 �M, and �6� 30 �M.
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E. Remarks about fitting the experiments

By solving Eq. �10�, we obtain an order parameter profile
S�z� for each temperature. We then transform S�z� into pro-
files for the ordinary �no�z�� and the extraordinary �ne�z��
refractive index as described in �18,47�, i.e.,

no
2�z� = na

2 + d��z���niso
2 − 1

3��maxrS�z�� − na
2� , �14�

ne
2�z� = na

2 + d��z���niso
2 + 2

3��maxrS�z�� − na
2� , �15�

with

d��z� =
1

2

1 + tanh� z

�
� . �16�

Here, r is the scaling factor from the reduced to the unscaled
order parameter, na is the refractive index of water, niso that
of the isotropic liquid crystal, and ��max= �ne

2−no
2�max de-

scribes the birefringence of the ideally ordered �rS=1� nem-
atic phase. The interface between the aqueous and the or-
ganic phase is modeled by a tanh profile of width � which is
introduced by the function d��z�.

The ellipsometric parameters �̄ and �B are calculated fol-
lowing Refs. �48,49�. To perform the necessary integrations,
the refractive-index profiles are divided into several hundred
layers parallel to the interface with constant indices.

The best fits of the experimental results are obtained from
the following Landau parameters: a0=1.6�105 J m−3 K−1,
b=9.67�106 J m−3, c=5.59�106 J m−3, and L1=4
�10−11 J m−1, which are in good agreement with Coles’
work �50�. The values of the optical parameters, niso=1.563
�51� and ��max=0.53 �50�, are chosen in accordance with
values reported in literature; the interface width � is set to
1 nm.

Although the overall agreement between measured and
calculated data is quite good, it is not perfect, especially for
T� �Tb+1 K� in the samples with larger surfactant concen-
tration �cf. Figs. 2�a� and 2�b��. A possible reason may be
that the phenomenological model is too simple, e.g., the Lan-
dau parameters may be weakly temperature dependent. Intro-
ducing such a temperature dependence could enhance the
agreement between theory and experiment at larger tempera-
ture distances to Tb. Another reason could consist of the neg-
ligence of the surfactant in our refractive index profiles. The
presence of the surfactant molecules at the interfaces results
in an additional contribution to �̄ which might not be negli-
gible at larger concentrations.

Finally, we should mention that the ellipsometric data
shown in Fig. 2�d� are not an unambiguous evidence for a
less-ordered nematic layer at the interface. In principle, it
would be possible to reproduce the experimental data of Fig.
2�d� using an order parameter profile with a more-ordered
nematic surface layer which grows in thickness as Tb is ap-
proached from below. Such a behavior, however, would be
contradictory to both the theoretical model and the experi-
mental behavior at larger surfactant concentrations, substan-
tiated by Figs. 2�a�–2�c�. Furthermore, if surface-enhanced
order would exist below Tb, there is no reason why it should
be absent just above Tb, as is clearly shown by the data in
Fig. 2�d�.

IV. DISCUSSION AND CONCLUSIONS

We have studied the behavior of the thermotropic liquid
crystal 8CB at surfactant-laden interfaces to aqueous solu-
tions of the surfactant CTAB. The temperature dependence
of the ellipticity coefficient �̄ and the Brewster angle �B was
determined for different surfactant concentrations. At higher
surfactant concentrations, the interface is completely wetted
by a nematic surface phase when Tb is approached from
above. With decreasing surfactant concentration, the nematic
wetting first becomes partial and finally vanishes. Concur-
rently, a new wetting behavior, characterized by a consider-
ably decreased nematic order parameter at the interface, de-
velops below Tb. The thickness of this decreased order
parameter region grows as Tb is approached from below. The
change of the wetting behavior takes place while the type of
anchoring remains homeotropic in all samples under investi-
gation.

The scalar order-parameter theory based on the Landau–
Ginzburg–de Gennes model supplemented by a surface free
energy can reproduce all our experimental observations. To
describe the influence of the surfactant concentration, it is
sufficient just to change the values of the two surface param-
eters, anchoring strength �, and preferred surface order pa-
rameter S0, while all other parameters are held constant.

Although the type of anchoring does not change in our
experiment, it is very likely that the observed change from
surface-enhanced to surface-decreased order is driven by the
approach to an anchoring transition from homeotropic to pla-
nar. Since the anchoring on a pure water surface is planar, an
anchoring transition must occur at a certain CTAB concen-
tration between 0 and 0.4 �M. Experimental studies �25,26�
of the wetting and anchoring behavior of nCB compounds on
self-assembled monolayers have suggested that the transition
to complete nematic wetting at Tb coincides with an anchor-
ing transition from planar to homeotropic anchoring. In the
system of the present study, this is clearly not the case. In
this context, it is instructive to consider the path in the � ,S0
plane, on which the experimental system moves as the sur-
factant concentration is gradually decreased �cf. Figs. 5 and
6�: Reducing the surfactant concentration ca from
30 �M to 3 �M leads to a considerably decreased anchoring
strength � while the preferred surface order parameter S0
remains constant. On further decreasing ca, both parameters,
� and S0, become smaller and the system crosses a narrow
region in which a prewetting transition exists. The 0.7 �M
sample still shows continuous complete wetting whereas the
0.6 �M sample is located in the partial wetting region. Care-
ful tuning of the surfactant concentration should enable the
experimental realization of a prewetting transition; with the
present experimental resolution, however, it might be diffi-
cult to observe since the temperature difference to the bulk
transition would be of the order of only 50 mK. Decreasing
ca further to 0.4 �M reduces S0 to almost zero, whereas �
surprisingly increases by a factor of 3 compared to the
0.6 �M sample.

The reason for the unexpected increase of the anchoring
strength in the 0.4 �M sample is not obvious. Using data
obtained for the adsorption of CTAB at a water–hexadecane
interface �52�, we can estimate the surfactant coverage � of
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the interface to amount to �0.01, i.e., the system is very far
from a dense coverage ��=1�; nevertheless, the coverage is
still sufficient to induce a homeotropic anchoring. On the
other hand, the low surfactant coverage could emphasize in-
teractions resulting from the bare water surface which prefers
the liquid-crystal molecules to be aligned parallel to the in-
terface. Thus a special situation of competing surfactant and
water interactions exists and the observed increase of �
might result from the increasing influence of the bare water
surface interactions.

The growth of a disordered surface layer as Tb is ap-
proached from below has already been observed for the case
of the liquid crystal 5CB on a rough SiOx substrate which
induces a planar unidirectional anchoring of the nematic bulk
phase �32�. To our knowledge, we have reported here the first
experimental observation of the growth of a disordered sur-
face layer in a liquid crystal system with homeotropic an-
choring. Figure 7 shows the order parameter profiles S�z�
obtained from fitting the experimental results of the 0.4 �M
sample; the S�z� profiles illustrate the growth of the interface
layer with decreased nematic order parameter as Tb is ap-
proached from below. In the � ,S0 plane, the 0.4 �M sample
is still located in the partial wetting region �although very
close to the transition line to complete wetting�, i.e., the less-
ordered surface layer retains a finite width at Tb. The Landau
model predicts complete wetting by a less-ordered surface
phase only for S0�0. In that case, an isotropic surface phase
would develop if the temperature is sufficiently close to Tb
�cf. Fig. 4�. A corresponding experimental system, however,
would be difficult to study with the present experimental
setup which requires a homeotropic anchoring; this condition
is no longer assured when an isotropic phase intrudes be-
tween the nematic bulk phase and the aqueous phase.
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