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Optical-ellipsometric study of the nematic-to-smectic transition in 8CB films adsorbed on silicon
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The nematic-to-smectic-A (NA) transition in 8CB (4-octyl-4’-cyanobiphenyl) is especially interesting be-
cause experimentally, it has been observed to be second order, but theoretically, it has been predicted that it
must have a latent heat. The effect on the NA transition due to confinement in an adsorbed film has hitherto not
been investigated. Previous study of adsorbed 8CB films on silicon for coverages less than 100 nm showed the
existence of a broad coexistence region, identified by the formation of thick and thin islands on the surface that
extends between the bulk NA and the isotropic-to-nematic transition temperatures. In this paper, optical and
ellipsometric measurements of 8CB films as a function of temperature are used to identify the location of the
NA transition in the film in relation to the coexistence region. The NA transition temperature in the film is
found to occur at 32.2 = 0.4 °C independent of film thickness for films between 62 to 270 nm thick, based on
the decrease in the film anisotropy. This decrease in the anisotropy is found to be surprisingly abrupt. For
thicknesses below 62 nm, the NA transition line is joined to the thin-thick coexistence region found previously.
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I. INTRODUCTION

The nematic-to-smectic-A (NA) transition in liquid crys-
tals has been shown to share many features in common with
the superfluid transition in “He and the normal to supercon-
ductor transition in high T, superconductors [1,2]. Despite
many advances, however, certain features of this transition
remain poorly understood and even controversial [2]. Alter-
native theoretical models that have been proposed include
the Halperin-Lubensky-Ma (HLM) theory of fluctuation-
induced first-order transitions [3], the self-consistent one-
loop theory of Patton and Andereck [4], the gauge transfor-
mation method of Lubensky and co-workers [5], and the
dislocation unbinding (DLU) model of Nelson and co-
workers [6].

A key feature in the theory of the NA transition is a cou-
pling between the NA order parameter ¢ and fluctuations in
the director due to the isotropic-to-nematic (IN) transition,
which typically occurs at a somewhat higher temperature [2].
For superconductors, the equivalent coupling is between
and the vector potential fluctuations. According to HLM, this
coupling introduces a correction to the free energy ~ ¢’
which drives the transition to first order [3]. Nevertheless,
when the NA and IN transitions are far apart in temperature,
this latent heat is expected to become unobservable. Thus,
this model is not seen to necessarily contradict thermody-
namic studies observing second-order specific heat peaks
with XY universality class exponents [7,8]. Subsequently,
there have been a number of attempts to derive the critical
behavior of the NA transition for wide nematic ranges where
the latent heat is negligible [4—6]. The DLU theory proposes
that dislocations and dislocation loops play the role of vorti-
ces and vortex loops, respectively, in a superfluid or super-
conductor, and that the NA transition corresponds to the low-
est temperature where the dislocations nucleate in the form
of unbound pairs [6]. This theory remains controversial,
however, because a key prediction is that the critical proper-
ties near the NA transition should exhibit inverted XY behav-
ior [6], where “inverted” means the temperature axis is re-
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versed relative to the location of Ty,, but experimentally
measured specific heat data consistently show “noninverted”
XY behavior [8].

As physical systems are shrunk to ever smaller dimen-
sions, their actual properties increasingly deviate from their
bulk properties, giving rise to a variety of finite-size phe-
nomena. The prediction and observation of such phenomena
in liquid crystals or simple fluids have been the subject of
many studies [9-12]. Only recently have studies begun to
look at how confinement in an adsorbed film geometry affect
phase transitions in liquid crystalline films of 5CB
(4-pentyl-4’-cyanobiphenyl) and 8CB (4-octyl-
4’-cyanobiphenyl) adsorbed on silicon [13-15]. In both these
films, a “coexistence region” is observed that extends down-
wards in temperature from 77y. Within this coexistence re-
gion, thick and thin islands form and persist stably side by
side on the surface. For 8CB films, this coexistence region
extends from the bulk 7j=40.5 °C down past the bulk
Tna=33.6 °C, for films thinner than ~60 nm. The location,
however, of the NA transition in the film as a function of
thickness has not been determined in those experiments [15].

Based on bulk properties of 8CB and considerations from
HLM theory, the NA transition in 8CB films would be ex-
pected to continue to be characterized by negligible latent
heat. For the nCB (n-alkyl-cyanobiphenyl) family of liquid
crystals, the Landau tricritical point separating second-order
and first-order behavior is identified experimentally to occur
very close to 9CB (4-nonyl-4’-cyanobiphenyl), where the
McMillan  ratio  Tya/Tn=0.994 [16]. For 8CB
(4-octyl-4’-cyanobiphenyl), with Tya/T;n=0.978, the NA
transition in the bulk is observed to be second order (or at
least the latent heat is negligibly small) [7,8]. In addition, for
an adsorbed 8CB film, previous experiments have estab-
lished that homeotropically aligned smectic cybotactic par-
tial bilayers [14] are preferentially formed at both the vapor
and substrate interfaces even very far above the NA transi-
tion temperature, with smectic period of 3.2 nm [15,17,18].
Near the Si surface, however, a complex 4.1-nm-thick 8CB
layer is first formed [15,17]. For these boundary conditions,
the director fluctuations specifically responsible for the first-
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order behavior would be expected to be further suppressed.

In this paper, spectroscopic ellipsometry is used to obtain
the optical anisotropy and film thickness as a function of
temperature for films ranging from 20 to 270 nm in thick-
ness. From this data, we determine the location of NA tran-
sition as a function of film thickness and show the relation of
the NA transition to the thin-thick coexistence region ob-
served previously in 8CB. Separately, we also report micro-
graphs of textures which accompany the transition in the
film.

II. EXPERIMENT

A. Film preparation

The 8CB films with thicknesses in the range 20-300 nm
as determined by ellipsometry, are prepared by spin coating
dilute solutions of 8CB in chloroform which contains 1%
ethanol as a stabilizer as described in Ref. [15]. The films as
deposited at room temperature on 2 cm X2 cm substrates
are very smooth and uniform with thickness varying =2 nm
in the middle 70% of the substrate. Due to the high vapor
pressure, the solvent quickly evaporates over about at total of
30 s during spin casting, so the thickness of the films is
controlled by varying the concentration of the 8CB solution
and the acceleration of the programmable Laurel spin coater.
Additional solvent is observed to degas from the film when
heating from room temperature to 32 °C using our standard
protocol. Reflection IR reveals no discernible sign of chloro-
form in the film by the time the ellipsometric data are taken,
however, it is possible that some trace amounts of ethanol are
present based on a weak reflectance peak at ~3600 cm™'.
Throughout the film preparation, the laboratory conditions
are maintained at a temperature of about 27 °C and ambient
humidity of about 40%, but these did not have a discernible
effect on the prepared film thickness which is found to have
completely smectic order, with a sharp x-ray Bragg peak at
the smectic period of 3.2 nm [15].

B. Spectroscopic ellipsometry

The location of the NA transition was determined using
spectroscopic ellipsometry, which provides the film thickness
and dielectric constants as a function of wavelength for each
temperature as the film is gradually heated. The computer-
controlled Woollam M-2000X ellipsometer used has a cov-
ered optical-access heat stage, allowing the sample tempera-
ture to be controlled to within 0.1 °C, when a fixed angle of
incidence of 70° is used. During each run, every 5 min, a
half second spectroscopic measurement was taken and then
the temperature was increased by 0.1 °C. This rate of tem-
perature increase was found by Ref. [15] to be sufficiently
slow to maintain quasistatic conditions as the temperature is
increased. For the present experiments, we found decreasing
the rate of temperature change by a factor of two or more had
no discernible effect (within experimental scatter) on the
transition temperatures obtained on increasing temperature.

For the measurements, a spot size of 0.1 mm is obtained
using focusing probes. The optical effect of the windows and
focusing lenses is corrected based on a multiangle system
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FIG. 1. Measured Stokes parameters W and A in degrees of a
typical film of thickness 131.3 0.8 nm (a) below NA transition at
28 °C and (b) above NA transition at 35 °C. For clarity, only every
other point is shown. The solid lines show the fits obtained using
the single layer model described in the text. The shift from 270° to
—90° in A seen at ~450 nm is due to the periodicity in the defini-
tion of the phase angle.

calibration provided by the COMPLETE-EASE software that
came with the ellipsometer. The dc offset used to correct
minor effects due to lamp aging and ambient lighting
changes was determined before each run.

Prolonged exposure to the focused light beam with inten-
sity of 6.33 mW/mm? [19] was observed to cause damage
and/or thinning of the film at the point of incidence. This
may have been because of some chemical reaction or local-
ized heating of the film due to the intense light. In order to
limit the exposure of the sample to the focused light, during
each measurement, a normally closed shutter was opened for
a total of only 1 s, including the time for the shutter to open
and close. Exposure times of less than 2 s taking on point
every 0.1 °C was determined to have no noticeable effect on
the film or the data.

Figure 1 shows typical raw ellipsometric data (symbols)
as a function of wavelength for a film of thickness
131.3+0.8 nm, both above and below where the NA transi-
tion occurs in the film. The Stokes parameters W and A are
obtained from the ratio p of the total reflection coefficients
parallel and perpendicular to the plane of incidence r,, and
Iy Tespectively, which are related via [20]

p =22 — tan(W)eid, (1)

§8

Consistent with the anisotropic nature of the liquid crystal-
line film, which is preferentially aligned along the vertical z
direction, the off-diagonal reflection coefficients r,=r,,=0.

In order to extract information concerning film structure
from ¥ and A, a model-dependent analysis of ellipsometric
data is necessary. For the analysis, the simplest possible
model is used where a single uniaxial dielectric film (liquid
crystal) is assumed to sit atop a silicon substrate with a na-
tive oxide layer for which the dielectric constants have al-
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FIG. 2. Rough sketch (a) of expected ordering within the liquid
crystalline film above the NA transition based on Refs. [15,17,18].
The ordering of 8CB molecules in the (b) nematic and (c) smectic A
phases, showing why the anisotropy An=n,—n, would be less in the
nematic phase.

ready been determined [21]. The Fresnel equations for a
single film on a substrate can then be used to calculate r,,
and ry, [20]. For the fits, we use the COMPLETE-EASE 4.03
modeling package provided by JA Woollam Co., which spe-
cifically performs a simultaneous x> minimization of the N,
C, and § optical parameters that are calculated from the film
thickness and complex optical constants as a function of
wavelength as discussed in Ref. [20]. The optical constants
parallel and perpendicular to the plane of incidence are inde-
pendently modeled as a function of wavelength for each tem-
perature using the B-spline technique described in Ref. [22].
In this technique, Kramers-Kronig consistency between the
real and imaginary parts of the dielectric constants is strictly
enforced. Since the dielectric film on top of the silicon is
organic, optical transparency is assumed above a wavelength
of 500 nm [19].

Figure 2(a) shows a putative, rough schematic of the ex-
pected structure of the adsorbed 8CB film on silicon above
the NA transition temperature based on the results of Refs.
[14,15,17,18] discussed in the introduction. Due to the non-
uniform structure in the film above the NA transition, the
optical constants obtained from fitting the ellipsometric data
represent an average over the entire film. Because the disor-
dered nematic phase has a lower anisotropy An=n_—n,
[compare Figs. 2(b) and 2(c)], we expect that An will de-
crease as the film enters the nematic phase.

III. RESULTS
A. Ellipsometry

Figure 3 shows An for a 120 nm film going up to 33 °C
and then down in temperature. The significant hysteresis in
Fig. 3 is surprising in more than one respect. To determine
the temperature of the NA transition, we take the average of
the extreme upper and lower limits of the sharp step in An,
henceforth called “kinks.” We find that Ty, is 0.9 °C lower
going down in temperature than going up. It is also surpris-
ing and significant that at slower temperature scan rate the
hysteresis actually increases: on increasing the temperature,
the step in An occurs at the same place, but the step occurs
even lower upon decreasing the temperature and the mean
square error (MSE) is more than three times higher. The
hysteresis, which has not been observed in the bulk, rather
than being due to a latent heat, may be explained instead in
terms of a kind of “surface memory effect” [23] where sur-
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FIG. 3. Anisotropy An for a 120 nm film going up and then
down in temperature, showing an even lower NA transition tem-
perature when cooling from the nematic phase, possibly due to
increased disorder in the film. Inset shows mean square error (MSE)
in arb. units for the fit.

face textures formed at the vapor interface as we approach
Tna from above present a nonuniform surface on which the
smectic phase nucleates; defect boundaries would then be
expected where these domains later join together as the tem-
perature is lowered further. To avoid such artifacts, subse-
quent data were taken only going up in temperature.

Figure 4 shows An and total thickness as a function of
temperature for the data shown in Fig. 1, which was taken as
the temperature is increased. Figure 4 contains the three most
surprising outcomes of our analysis: first, the NA transition
in the film is signaled by a sharp step in An approximately
0.4 °C wide, rather than by a smooth increase beginning at
Tna as would be expected in the bulk; second, the transition
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FIG. 4. Results of fitting the ellipsometric data for a film of 131
nm coverage (film thickness at room temperature) as the tempera-
ture is increased: (a) An at a wavelength of 632.8 nm, plotted as a
function of temperature for the film in Fig. 1. (b) The total film
thickness. The inset shows the MSE for the fit.
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FIG. 5. (Color online) Summary of experimental results on heat-
ing for all coverages studied. (a) The temperatures of the upper and
lower kinks in An and of the minimum of the dip in total thickness,
plotted as a function of coverage. (b) The size of the step in An
Versus coverage.

temperature (taken to be the average of the upper and lower
kinks in the sharp step in An) is ~1.4 °C below the bulk
Tna=33.6 °C [24]; third, a narrow, asymmetric dip in the
film thickness is observed to coincide closely with the Ty, of
the film. It is possible that this dip in the thickness is an
artifact produced by the rapidly changing dielectric constant,
roughness, or other changes in the film structure that are not
taken into account in the fit. In particular, while the step in
An appeared to be independent of the temperature scan rate,
the dip in the thickness became somewhat larger and more
asymmetric for slower scan rates. Nevertheless, it is always
present both on heating and cooling and associated closely
with the step in An.

The extreme upper and lower limits of the step in An,
which we refer to as kinks, are easily discerned from the
data, although in general, there is an observable degree of
rounding present. Figure 5(a) shows the temperature of the
upper and lower kink in An as well as the location of the
minimum of the dip in the total thickness on heating, for all
of the films as a function of surface coverage (film thickness
at room temperature). Large scatter is evident in the data,
which on the whole are consistent with Ty, of
32.2*+0.4 °C, that is independent of film thickness, but
1.4 °C lower than the bulk transition temperature, as con-
firmed for our sample by calorimetry [24]. For films thinner
than 110 nm, the minimum in the thickness occurs between
the upper and lower kinks of the step in An, but for thicker
films the minimum occurs as much as 0.4 °C above. Figure
5(b) shows that the size of the step in An increases linearly
with the coverage.

The lowered Ty, does not appear to be due to residual
solvent left from the film preparation. Reflection IR reveals
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FIG. 6. Phase diagram indicating the thin-thick coexistence re-
gion CR (shaded area bounded by dark lines) and the NA transition
determined by the average of the temperatures of the upper and
lower kink in the jump in An (open circles with best fitted line). The
isotropic, nematic, and smectic A regions are labeled as /, N, and
SmA. The two dashed lines about a degree below the NA transition
and immediately below the coexistence region indicate the approxi-
mate temperatures when dark streaks and patches show on the sur-
face (Fig. 7). The light shaded region straddling the NA transition
line for coverages above 120 nm are where surface textures are
observed on the surface (Fig. 8).

that the broad peak due to ethanol at ~3600 cm™! decreases
significantly if we heat the film for a twice as long on the
heat stage, presumably due to degassing of residual ethanol.
However, the transition temperature obtained upon heating
does not change measurably.

B. Microscopy

In addition to ellipsometric measurements, optical micros-
copy was used to observe the surface of the film near the NA
transition temperature and to establish the relationship of the
NA transition occurring in the film to the thin-thick coexist-
ence region first described in Ref. [15].

Figure 6 shows a phase diagram summarizing all the new
optical and ellipsometric results. This phase diagram extends
the result of Ref. [15] to a maximum thickness of 270 nm.
The coexistence region (CR) was identified, as in Ref. [15],
by the appearance of dark and light islands on the surface, or
alternatively, via an accompanying signature in ellipsometric
data. Overall, the boundaries of the coexistence region as
determined by the new experiments are shifted to lower
thickness by 6 =2 nm. A possible explanation for this dis-
crepancy is that the new film thicknesses are obtained di-
rectly from in situ ellipsometric measurements, whereas
those of Ref. [15] were determined based on an ex sifu x-ray
calibration. In addition, plotted on the diagram are the NA
transition temperatures as described above. It is to be noted
that on the scale of the phase diagram, it would be very
difficult to distinguish the various points indicated in Fig. 5.
The solid line marking the NA transition in the film was
found to join the thin-thick coexistence region at a thickness
of 632 nm.
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FIG. 7. (Color online) Dark patches that appear on the surface
of a film of coverage 95 nm 0.5 °C below the film Ty,. Similar
patches are observed for all coverages 0.4—1.0 °C below the film
Txa- The illuminated area in the image is 1.5 mm across.

The two dashed lines 0.4—1.0 °C below the NA transition
and immediately below the coexistence region indicate the
temperatures when dark streaks and narrow patches show on
the surface (shown in Fig. 7). These streaks may be related to
the structural reorganization within the film before the tran-
sition actually occurs, but do not seem to coincide with any
obvious signature in the ellipsometry data.

Figure 6, also shows a region surrounding the NA transi-
tion temperature where further interesting textures are ob-
served on the surface for films thicker than 120 nm. Figure 8
shows micrographs of these surface textures for films of
thickness 135 and 270 nm. The textures first form just below
or right at the NA transition in the film and persist for as
much as 1.2 °C above. Since they are observed through fine
changes in the reflected color, they are observed with greater
or lesser clarity depending on the precise thickness of the
films. As the temperature is increased first, wrinkles or
cracks appear throughout the film. With increasing tempera-
ture, these cracks further spread apart so that we are left with
what appear to be islands or chunks floating in a liquid. As
the temperature is increased yet further, the contrast between
these two regions diminishes and then the textures disappear
altogether.

IV. DISCUSSION

According to HLM, the coupling of nematic and smectic
order parameters causes the NA transition to always be first
order. Our measurements of 8CB films are unique because
the homeotropic boundary conditions imposed by the vapor
and substrate [14,15,17,18] would be expected to quench the
very fluctuations in the director within the film that are re-
sponsible for the predicted first-order character of the NA
transition according to HLM theory [3].

The hysteresis observed in the data (Fig. 3), the presence
of a sharp jump in the order parameter [Fig. 4(a)], and the
large scatter in Ty (Fig. 5) could be taken as an evidence of
first-order character, confirming the HLM theory. However,
many aspects of the data are equally consistent with the DLU
theory of the NA transition [6]. For example, the observed
hysteresis is very large (~1 K) and odd since only the Tya
on cooling changes with scan rate. Normally, for a first-order
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(b)

FIG. 8. (Color online) Micrographs of films showing surface
textures that are found to be closely associated with the NA transi-
tion for coverages greater than 120 nm, and which persist up to
1.2 °C above the film Ty,. The illuminated area in each image is
1.5 mm across. The upper micrograph is for a 135 nm film at
0.1 °C below Tya, whereas the lower one is for a 270 nm film at
0.4 °C above Tya.

transition with metastable regions, we would expect the hys-
teresis to decrease with lower scan rate. At the same time,
such a strange and asymmetric hysteresis may be explained
by surface memory effects associated with textures at the
vapor interface (as noted in the description of Fig. 3). And a
sharp jump in the order parameter is also expected for a
second-order Kosterlitz-Thouless (dislocation unbinding)
transition [25]. The increase in the size of the step in An with
coverage shown in Fig. 5 indicates that thicker films possess
a greater degree of disorder in the nematic phase than thinner
films. For sufficiently thick films, where boundary effects are
negligible, the difference in An between nematic and smectic
phases would be expected to saturate at a certain value. The
fact that the increase in An with coverage is found to be
linear [Fig. 5(b)] may be an indication that the films studied
are sufficiently thin that the boundaries have a limiting ef-
fect. Further investigation is necessary to establish whether
the dip in thickness [Fig. 4(b)] is or is not an artifact. Nev-
ertheless, the presence of a dip also would be consistent with
the DLU theory, since it could potentially be explained as the
effect of fluctuation-induced Casimir force associated with
the dislocation loop fluctuations [10,12,15,26].
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For films thicker than 120 nm, interesting surface textures
(Fig. 8) were observed to form just below the NA transition
in the film and persist for as much as a degree above. These
textures at the very least indicate that at Ty,, there is more
going on in the film than merely a uniform nematic layer
intruding between two smectic layers as function of height as
depicted in Fig. 2. Similar looking textures have been pre-
dicted above the NA transition, due to isolated smectic is-
lands within a wider nematic phase [2]. While textures may
correspond to such islands, we do not think the evolution of
these regions as a function of temperature entirely fits this
interpretation, because the regions between the round tex-
tures do not grow with temperature, but rather gradually
merge with the round features until they are indistinguish-
able. Thus, the pattern appears to us to be more consistent
with what is expected from the DLU model where the pro-
liferation of dislocation loops causes the NA transition. A
horizontal dislocation loop has the form of an additional
layer of layers which intrude between a given set of smectic
layers, causing the film thickness to pop up where the extra
layers intrude [6]. In addition, there is no reason why we
should not expect a contribution due to dislocation loops at
an angle with respect to the horizontal as well as vertical
dislocation pairs. These would be expected to pierce the sur-
face and cause a variation in the order parameter horizontally
as well as vertically within the film. We do not at present
know how to model such variation in the ellipsometric data
and therefore cannot possibly hypothesize what are the
phases in the micrographs presented in Fig. 8.

V. CONCLUSIONS

In these experiments, the temperature of the NA transition
in films between 20 to 270 nm thick was determined in re-
lation to the thick-thin coexistence region that had been ob-
served previously [15]. We observed four surprising phe-
nomena that accompany the transition: first, a sharp step
rather than a smooth increase in An beginning at Ty,; sec-
ond, a transition temperature that is suppressed 1.4 °C below
the bulk Ty,; third, a narrow, asymmetric dip in the film
thickness that coincides closely with the transition, which
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may or may not be an artifact; fourth, a pronounced hyster-
esis on going up and down in temperature. We also observed
textures which appear on the surface of the film close to Ty,
which indicate that more is going on in the film than can be
described by a smooth variation in the order parameter with
height depicted in Fig. 2 and assumed by many theoretical
models of what happens in films [10,13-15,17].

We were not able to conclusively interpret these surpris-
ing results either in the context of the many somewhat con-
tradictory theories of the NA transition [1-4,6] or solely on
the basis of our own experimental data. Possible explana-
tions for the significant depression of Ty, in the film may be
finite-size effects, trapped defects, stresses, or gradients
within the film due to the imposed vapor and substrate
boundary conditions. Attempts to reduce the amount of re-
sidual solvent in the film did not measurably affect the tran-
sition temperature, but there still may have been some sol-
vent present even after these measures. There are also
multiple possible explanations of the observed hysteretic be-
havior (Fig. 3) and the step in An [Fig. 4(a)] that are poten-
tially consistent with the HLM view of the NA transition [3]
being first order as well the DLU view of the transition being
a kind of second-order Kosterlitz-Thouless unbinding transi-
tion [6]. Given the magnitude of the hysteresis in the film
and its relative total absence in the bulk, it would be useful to
study the size of the hysteresis to see if it decreases for even
thicker films. To establish whether dip in the film thickness
[Fig. 4(b)] is due to a fluctuation-induced force [10,12,15,26]
or due to other causes, improvement in the temperature res-
olution and a method of calibrating the magnitude of the
force are needed.
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