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The spatial and temperature dependence of the surface-induced orientational order
parameter S(z,7") was determined in the isotropic phase. An optical fiber was
immersed in a thin liquid crystal layer and the retardation was measured as a function
of the fiber’s height above the surface, from which the model-independent S(z,T)
was deduced with resolution ~ 1 —2 nm. It was found that: i) S(z = 0) < 0.12
close to the nematic transition temperature, ii) the susceptibility is mean-field-like,
and iii) S(z,T") deviates significantly from exponential spatial decay. The results

are discussed in terms of a nonlocal potential.

PACS numbers:



The subject of surface-induced orientational order at the nematic-isotropic (NI) phase
transition has received extensive scrutiny — both experimental and theoretical — over
many years [1-22]. Above the bulk NI transition temperature Ty, an appropriately prepared
surface induces nematic ordering in the otherwise isotropic bulk phase, with the orientational
order decreasing as one moves away from the surface and into the bulk. The behavior of
the scalar orientational order parameter S(z) [= (2 cos? — 1), where 6 is the angle from
the nematic director n] depends on the nature of the interaction energy between the liquid
crystal and the alignment layer(s), the physical properties and thickness of the liquid crystal
layer, and the temperature 7. It generally is assumed that the surface potential is localized
to the interface at z = 0 [3, 5, 10, 11]. In this context, the uniaxial order parameter
at the interface Sy [= S(z = 0)] is determined by the form of the potential, which can
contain both ordering and disordering components [3, 5, 9, 11]. If the surface-induced order
is not sufficiently large, only partial wetting by the nematic phase occurs. On the other
hand, if the interaction between the liquid crystal and the surface is sufficiently strong,
S(z) integrated through the cell thickness diverges logarithmically on approaching the first
order phase-transition temperature [1-3, 12]; this would correspond to complete wetting
by the nematic phase. Moreover, “capillary condensation” — a transition to the nematic
phase in a localized boundary layer — has been predicted theoretically [4, 11] and observed
experimentally [13, 17-19]. Sheng also predicted [5] a “prewetting transition” in which there
is a discontinuous jump of the order parameter at the surface at a temperature T' > Ty;
this has been observed by means of calorimetry in confined pores [22].

To date quantitative determinations of the order parameter profile S(z) as a function
of temperature have used probes with visible light wavelength resolution — this is much
larger than the length scale of the surface layer — and so required specific models in con-
junction with this macroscopic data in order to extract S(z). The earliest and still most
common approach is that of Miyano, who measured the integrated optical birefringence
(approximately proportional to the integral of S(z) through the cell thickness) and fitted
this macroscopic data to a Landau mean-field description of the nematic order [1, 2]. As a
result, deviations of the actual orientational profile from a specific model may not be readily
apparent, as the data may fit many different profiles S(z) and surface potentials equally
well. Even improved techniques that measure local quantities, such as evanescent wave and

second harmonic generation experiments [6-9], ultimately require specific models to extract



order parameter profiles on very short length scales. Recently, however, has shown that
a tapered optical fiber may be immersed into a liquid crystal and, as it is moved through
the liquid crystal, the resultant light output through an analyzer is well approximated by
the total optical retardation from the fiber aperture through the birefringent medium to the
surface [23, 24]. This allows us to obtain orientational order information in three dimensions
out to z ~ 500 nm above the interface, with lateral resolution of ~ 125 nm and vertical
resolution as small as a few nanometers. Here we apply this technique to surface-induced
nematic order, whereby we immerse the fiber into a thin liquid crystal film and measure the
optical retardation e between the fiber aperture and the substrate as a function of the aper-
ture’s height h and temperature 7" > T;. This allows us to extract the model-independent
profile S(z) vs. T close to the substrate. In particular, we find that Sy < 0.12 and that
Syt vs. T is mean-field-like, scaling approximately as T'— T, where T* is the supercooling
limit of the isotropic phase, indicating the absence of capillary condensation in our system
for the temperatures studied. Moreover, we found that da/dh varies slowly with h out
to h &~ 10 nm, substantially different from the quasi-exponential decay expected for weak
surface-induced order in the absence of capillary condensation [3, 5. This behavior will be
discussed in terms of nonlocal interactions at the interface.

A glass substrate was spin-coated with the polyamic acid RN-1175 (Nissan Chemical
Industries, Ltd.), prebaked according to manufacturer’s specifications at 100 °C for 3 min,
then fully baked at 230 °C for 60 min to achieve near complete imidization. To establish
the azimuthal orientation of the planar alignment, the polyimide-coated slide was rubbed

with a rubbing strength ny = 1.5 x 10% cm™!

using a cotton cloth and rubbing machine;
details of the rubbing may be found in Ref. [25]. The slide then was coated with a thin
film (a few pum) of the liquid crystal pentylcyanobiphenyl (“5CB”, Merck) and placed into
a Veeco Aurora near field scanning optical microscope (NSOM). [See Ref. [24], Fig. 1 and
Supplementary Fig. 1]. The fiber was illuminated by circularly polarized light at wavelength
A = 532 nm that first passed through a light chopper. The light emerged from the fiber’s
output tip (diameter dy < 200 nm, including cladding), which was immersed into a thin
layer (a few pm) of liquid crystal. The approximately circularly polarized transmitted light
(extinction ratio ~ 1.2 : 1) passed through the liquid crystal, the alignment layer, the glass

slide, an analyzer rotated by 45° with respect to the rubbing direction, and was collected

downstream by a photomultiplier tube. The output from the photomultiplier was input



to a lockin amplifier referenced to the light chopper; a 10 s time constant output filter was
used. A long time constant was needed because of the very high level of noise due to the
low signal strength and order parameter/director fluctuations of the liquid crystal in the
small gap between the fiber aperture and substrate. The entire assembly, including the
fiber, motion control, and collection optics, were housed in a box; a string of resistors was
placed along the inner walls of the box and used as a heating source in conjunction with a
temperature feedback system; not only was good thermal stability (< 10 mK) maintained
during data collection at each temperature, but also good temperature homogeneity as well
(<5 mK cm™).

The sample was stabilized in the isotropic phase about 1.8°C above T; and the fiber
was lowered so that it made contact with the substrate, corresponding to z = 0. In light of
the long time constant filter, the intensity was recorded after a delay of approximately 50 s.
The fiber then was elevated a few nanometers to height z;, the signal was allowed to stabilize
for another 50 s, and the intensity was again recorded. This procedure was repeated about
20 times in order to construct an intensity I vs. height h profile at this temperature. The
temperature then was reduced by a few tens of millikelvins and, after allowing 2 h for the
temperature to stabilize, the measurement procedure was repeated to obtain I vs. h at this
temperature. Data were collected at multiple temperatures down to T; + 50 mK; Figure
la shows [ vs. h for all temperatures relative to T, where the position of each baseline
varies from run to run. It is apparent from the data that I varies linearly with A out to
~ 10 nm, beyond which dI/dh decreases until I becomes constant for ~ 2 30 nm.

To relate the intensity data to a physical quantity, we note that the intensity at a fixed
temperature is approximately proportional to the optical retardation «, although the pro-
portionality constant C'(7) was found empirically to depend on 7" due to the thermal charac-
teristics — including those from temperature gradients — of the fiber. To obtain C(T'), we
placed a top slide treated for homeotropic alignment on the sample, using a spacer of nom-
inal thickness 10 um. The now enclosed cell was then placed into a temperature controlled
oven and birefringence apparatus consisting of a modulated Pockels cell, a pair of crossed
polarizers, and a detector; details are described elsewhere [26]. The beam from a He-Ne
laser at wavelength Ay = 633 nm was focused to a spot of approximately 100 pm diameter
at the sample, and the total retardation a,(T") through the cell was measured as a function

of temperature. Because «y,; is proportional to the intensity difference Al between the



baseline and saturation value measured at each temperature, i.e., at(7) = C(T)AI(T),
C(T') was extracted and the intensity data in Figure la was converted to retardation « vs.

h at each temperature (Fig. 1b) for wavelength .

Let us now turn to the meaning of a vs. h. We begin by noting that «(h) =

/ thOAn(z)dz, where kg is 2m/)\g and An(z) is the birefringence at A\g = 633 nm for the
liguid crystal at height z. Because the birefringence An = DS fgr small S, where the con-
stant of proportionality D = 0.28 for 5CB [27, 28], a(h) = kOD/ S(z)dz. That o < h for
h < 10 nm suggests one of two scenarios: Either i) S(z) varies W[()eakly over this height range
0 < z < h, or ii) the profile S(z) varies significantly with position h of the fiber aperture but
its integral always happens to be proportional to i over this range. We discount mechanism
(ii) because this scenario would require the coincidence of far too many conditions, such as
anchoring potentials at the substrate and fiber having the correct forms. Thus we believe
that S(z) decays slowly near the substrate; whence Sy = (da/dh)p—o/koD. In order to
differentiate numerically the data in Fig. 1b and avoid the noise generally associated with
numerical differentiation, we regularized the differentiation by fitting a piece-wise smooth
Bezier curve of third degree to five representative data points, such that the values and
derivatives were matched for each section. Typical examples are shown by the solid curves
in Fig. 1b. S(z) for each temperature then was obtained from the derivative of the Bezier
curve; the results are shown in Fig. 2. From the data in Fig. 2 we extract Sy and plot Sj*
vs. T in Fig. 2, inset. There are three important features to note. First, Sy is relatively
small for all temperatures, having a maximum value of Sy ~ 0.12 at T'— Ty = 0.05 °C.
These values are considerably smaller than surface order parameters predicted theoretically
[4, 5] and measured experimentally [13, 17] when capillary condensation occurs. The data
also indicate that no prewetting transition [5] was observed, at least for 7' > Ty + 0.05°C.
Second, the behavior of Sy vs. T in Fig. 2, inset is reminiscent of the mean field behavior
for the orientational susceptibility in the isotropic phase, associated with a susceptibility
exponent v = 1 and a value to Ty — 1™ ~ 1 °C. The observed downward deviation of S, !
from linearity close to Ty also is commonly observed [29] in bulk measurements, although in
our case this may be due to experimental scatter. In contrast, Sheng’s model [5] for capillary

condensation for walls spaced < 5 nm apart predicts a highly nonlinear variation of S; ! with

temperature and an extrapolation to a supercooling limit more than 4 °C below T, which



is contrary to our results. Third, da/dh ~ 0 for h > 30 nm, indicating that S ~ 0 beyond
this range. This length scale differs from capillary condensation, where nonzero values of S
tend to be observed experimentally for substrates separated by hundreds of nanometers [13].
Overall, our results suggest that our fiber has little effect on the induced order, consistent
with previous experimental work by our group and others [23, 24, 30]. Thus, empirically
we can treat (doa/dh)n—,/koD as S(z), facilitating a measurement of the order parameter
profile without requiring a specific model. This result is corroborated by our calculations
[5] for S(z,T) when Sy < 0.12 with the boundary condition dS/dh|,—o at the fiber, which

indicate that corrections to to the profile for S(z) in Fig. 2 are no greater than 10% .

Moving beyond the surface, perhaps our most important observation is that the or-
der parameter profile falls off slowly over many nanometers before decaying more rapidly.
This behavior is not consistent with the exponential decay characterized by a temperature-
dependent nematic correlation length £ that is expected when Sy is small [3, 5]; a possible
mechanism for the decay profile will be discuss below. Nevertheless, the increase in the
aperture height h, at which o seems to saturate with decreasing temperature [Fig. 1b]
presumably is due to an increasing correlation length & on approaching the transition. To
make this more apparent, in Fig. 3 we have plotted the quantity «/Sy at three representa-
tive temperatures. As expected, the initial slopes are the same, but at higher temperatures

a/Sy “saturates” at a lower height hs than it does at higher temperatures.

The initial slow spatial decay of the order parameter raises questions about the physics
near the interface. Hsiung, et al used an exponential form for S(z) to analyze their evanes-
cent wave ellipsometry data, obtaining an excellent fit and information about the correlation
length vs. temperature. In their case this form likely was justified, as the homeotropic align-
ment of the liquid crystal was controlled by silane molecules at the surface that provided
a well localized potential. In our experiment, however, we obtain planar alignment by
mechanically rubbing a polyimide. The rubbing process has two effects: it creates shallow
grooves in the surface and it realigns the polymer backbone, which can extend to some
depth into the polyimide layer. Because the grooves’ radii of curvature R ~ 700 nm [31]
are considerably larger than the fiber diameter dy, the grooves are unlikely to influence
significantly the order parameter near the surface. On the other hand, the realignment

of the backbone, which is due in part to mechanical pressure in conjunction with heating,



can extend a distance of many nanometers into the polymer film [8, 32, 33]. Given this
situation, Barbero and Evangelista showed [34] how quadrupole-quadrupole interactions can
act over a range of several nanometers; an inhomogeneous spatial distribution of adsorbed
charges at the interface [35] also would give rise to nonlocal forces. Nonlocal interactions
have been shown to affect physical quantities such as surface viscosity [36] and elasticity in
free-standing smectic-C' films [37] where, for example, the length scale of the nonlocal inter-
actions extends & ~ 5 to 10 nm and results in a greatly reduced elastic constant for films
thinner than & [37]. As the data in Fig. 2 clearly show deviations over these length scales
close to the substrate from behavior predicted by a Landau-DeGennes picture with a highly
localized potential, we speculate that, in addition to the limited validity of the continuum
approximation at such short length scales as well as “order electricity” for which there is a
spontaneous polarization P o< V.S [38], the nonlocality of the “surface” potential may be
playing an important role. To be sure, such a scenario does not necessarily apply to all
types of interfaces; as noted above, homeotropic orientation resulting from a surface agent
such as a silane is likely to be highly localized. The same holds true for alignment due to a
surface grating [39], although in this case it is more difficult to define the actual "interface”
due to its wavy nature. Nevertheless, for planar alignment that relies on anisotropic attrac-
tive interactions, especially those in which the anisotropy extends some distance beneath
the surface and into the “bulk” polymer alignment film, the extended range of interactions
may result in an S(z) profile within several nanometers of the interface that is very different
from exponential decay.

To summarize, we have demonstrated that a variation on the technique of optical nanoto-
mography [23, 24] facilitates a model-free determination of the surface-induced orientational
profile. Moreover, the behavior of S vs. z is apparently very different from that expected
from the oft assumed Landau-DeGennes model with a highly localized potential at the sur-
face, suggesting that a nonlocal surface potential and/or other mechanisms are needed to
describe the behavior of rubbed polymer alignment layers.
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FIG. 1: a) Intensity vs. aperture’s height h above substrate at different temperatures AT =
(T — Tnr). The different baselines for each temperature are due to drifts that are very slow
compared to the data acquisition time at a given temperature and to a systematic variation of the
baseline with temperature due to the thermal characteristics — including those from temperature
gradients — of the fiber. b) Retardation « vs. height h extracted from intensity data in (a) and
normalized to the total retardation ayey through entire cell at each temperature. Each set of data

was regularized as discussed in text, and two examples are shown by the solid lines.

FIG. 2: The quantity (da/dh)/koD, which corresponds approximately to the nematic order para-

meter S, vs. height h at different temperatures. Inset: S Lys. T — Ty

FIG. 3: The quantity /Sy vs. height at three representative temperatures. Vertical arrows show

the height hs (£3 nm) at which the data “saturate”.
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