PHYSICAL REVIEW E

VOLUME 49, NUMBER 6

RAPID COMMUNICATIONS

JUNE 1994

Nature of the layer-by-layer transition associated with the smectic-A—crystal-B
transition in free-standing liquid-crystal films

A. J. Jin, T. Stoebe, and C. C. Huang
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455
(Received 10 March 1994)

Utilizing our ac free-standing film calorimeter, we have observed the formation of a series of
crystal-B layers at the smectic-A-vapor interface near the smectic- A—crystal-B transition of 40.8
[N-(4-n-butyloxybenzylidene)-4-n-octylaniline]. The temperature dependence of the penetration of
the crystal-B order into the smectic-A substrate can be well described by a simple power law,
L = Lo|t|™" with v = 0.37, indicating that the dominant intermolecular interaction is van der Waals
like. Further analysis has demonstrated the penetration length of the surface ordering to be slightly

less than one molecular length.

PACS number(s): 64.70.Md, 61.30.—v, 68.65.+g

Detailed x-ray investigations [1-3] have revealed
two distinct orthogonal liquid-crystal phases below
the smectic-A (Sm-A) phase, namely, the hexatic-B
(Hex-B) and crystal-B (Cry-B) phases. The Sm-A-
Hex-B transition has been observed in several mem-
bers of the nmOBC homologous series (n-alkyl-4'-
n-alkyloxybiphenyl-4-carboxylate) [1]. However, the
transition near 49°C of the compound 40.8 [N-(4-n-
butyloxybenzylidene)-4-n-octylaniline] has been identi-
fied as the Sm-A-Cry-B [2,3]. The Hex-B and Cry-B
phases can be distinguished by the extent of positional
order. Unlike the Hex-B phase, the Cry-B phase exhibits
three-dimensional long-range positional order. Further-
more, according to the symmetry of the order parame-
ter associated with the given transition, the bulk Sm-A-
Cry-B transition is required to be first order, while the
Sm-A-Hex-B transition in nmOBC compounds is found
to be continuous [4]. High-resolution x-ray-diffraction
studies [2,3] of 40.8 free-standing films in the Cry-B
phase have, in fact, revealed both interlayer and in-
tralayer long-range positional order. Furthermore, the
Cry-B phase is optically uniaxial since the molecules re-
main free to rotate around their long axes, which are, on
average, parallel to the layer normal. Calorimetric in-
vestigations of bulk samples have observed a hysteretic,
broad heat-capacity peak, indicative of the first-order
nature of the Sm-A-Cry-B transition [4,5]. Recently,
we have identified and characterized a unique layer-by-
layer transition associated with the continuous Sm-A-
Hex-B transition in 3(10)OBC films, indicating strong
surface ordering effects and weak interlayer coupling. Be-
fore this work, layer-by-layer transitions had been theo-
retically addressed and experimentally investigated near
first-order transitions only. Based on symmetry argu-
ments, transitions establishing long-range positional or-
der in three dimensions are expected to be first order.
Although surface enhanced crystalline order has been ob-
served in several liquid-crystal compounds [6-8], to the
best of our knowledge, no layer-by-layer transition in-
volving crystalline order has been previously reported.
In this paper we will report the observation of a sequence
of layer-by-layer transitions found near the Sm- A-Cry-B
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transition of 40.8 free-standing liquid-crystal films.

So far, layer-by-layer transitions in liquid crystals
have been identified near the isotropic-Sm-A [9], Sm-A-
smectic-I (Sm-I) [10], and Sm-A-Hex-B [11] transitions.
The first two cases involve first-order transitions, while
the last is a continuous transition. However, none of the
above liquid-crystal mesophases exhibits long-range posi-
tional order. The sequences of layer-by-layer transitions
near both the Sm-A-Sm-I and Sm-A-Hex-B transitions
were found to be well described by a power law obtained
from a simple wetting calculation, assuming the system
is dominated by van der Waals forces. Similarly, the
layer-by-layer surface crystallization reported here can
be characterized by the same power-law form, indicat-
ing that van der Waals forces are again dominant in this
case. Further data analyses have also demonstrated the
penetration length to be slightly less than one molecu-
lar layer, consistent with the layer-by-layer nature of the
transition.

We have recently established a state-of-the-art differ-
ential ac calorimetric system which enables us to simul-
taneously measure the temperature dependence of the
heat capacity and optical reflectivity of free-standing
liquid-crystal films down to only two molecular layers in
thickness [12-14]. The relative resolution of both heat-
capacity and optical reflectivity measurements is better
than a few parts in 10°. Employing this unique calorime-
ter, we have conducted detailed heat-capacity measure-
ments on free-standing 40.8 films as a function of film
thickness near the Sm-A-Cry-B transition. The data
from 3-, 4-, 5-, and 25-layer films are shown in Fig. 1. It
is clear that the surface transition temperature (approx-
imately 62°C) is enhanced significantly above the bulk
transition temperature (about 49 °C). This 13 K increase
in transition temperature and the long-range positional
order of the Cry-B phase may be the primary reason that
two-layer films easily rupture once cooled through the
surface Sm-A—-Cry-B transition. As the film establishes
Cry-B order, the sample at the edge of the film plate
remains in the Sm-A phase. Thermal contraction may
then cause the two-layer films to become extremely frag-
ile. Consequently, despite many experimental attempts,
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FIG. 1. Heat-capacity data from 3-, 4-, 5-, and 25-layer
films of 40.8 near the Sm-A-Cry-B transition. Note: the
vertical scale for the 25-layer film has been reduced.

two-layer film data could not be obtained.

The surface Sm-A-Cry-B transition (see Fig. 1) dis-
plays a very different heat-capacity anomaly than that
associated with the surface Hex-B-crystal-E (Cry-E)
transition of 750BC [7,14] or 650BC [15]. The latter
transition appears as an abrupt heat-capacity jump and
exhibits substantial thermal hysteresis. Furthermore, it
does not occur in a layer-by-layer fashion [16]. The series
of transitions shown in Fig. 1 are also distinctly differ-
ent from those observed near the Sm-A-Hex-B transi-
tion. For N > 3, the freezing transition of the outer-
most surface layers occurs on the liquidlike interior Sm-
A layer(s). This represents a two-dimensional liquid-to-
crystalline transition on a liquidlike “substrate.” The
presence of this “substrate” is most likely the major rea-
son that significant pretransitional behavior associated
with the Sm-A-Cry-B transition of the outermost layers
can be detected. In the case of the continuous Sm-A-
Hex-B transition, the size of the surface heat-capacity
anomaly is independent of film thickness [14]. Figure 1
indicates that the magnitude of the surface Sm-A-Cry-
B heat-capacity peak increases as a function of the film
thickness. (Note, the vertical scale has been reduced for
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FIG. 2. Temperature variation of heat capacity and optical
reflectivity simultaneously obtained from an eight-layer 40.8
film. Note: the transition associated with the innermost two
layers can be clearly seen in the optical reflectivity data but
not in the heat-capacity data.

L = Lo{[T<(L) — To]/To}~". As expected, the resultant value
for To is roughly equal to the bulk Sm-A-Cry-B transition
temperature.

the 25-layer film.) Successive heating and cooling runs
have demonstrated thermal hysteresis to be less than
30 mK. However, attempts to fit the data to a simple
power-law form (Cp, = t™") failed. The transition re-
lated to the interior layer ordering of three-, four-, and
five-layer films appears only as a change in slope of the
heat capacity as a function of temperature. Simultane-
ous optical reflectivity measurements on five-layer films
clearly resolve three separate transitions corresponding
to the freezing of the outermost pair, adjacent pair, and
innermost layer. In the case of the 25-layer film, a sym-
metric heat-capacity peak again signals the surface freez-
ing transition. The rest of the heat-capacity anomalies
appear as much sharper peaks with lessened pretransi-
tional contributions. Thus, under the influence of the
surface ordering field, the interior layers possess a very
different thermal signal than the outermost surface lay-
ers. After six distinct pairs of layer transitions, the inte-
rior 13 layers undergo a transition without displaying an
additional heat-capacity anomaly. To illustrate this ob-
servation, Fig. 2 shows the simultaneous heat-capacity
and optical reflectivity data obtained from an eight-layer
film. The heat-capacity data display two well-defined
peaks and one hump. Upon cooling, the optical reflectiv-
ity data exhibit four distinct anomalies. The first three
coincide perfectly with the corresponding heat-capacity
anomalies. The fourth reflectivity anomaly should then
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FIG. 4. The temperature difference [A = T(1,N)

—T(2,N)] versus film thickness (N). The dashed line is the
best fit of the data to the exponential form [Eq. (1)].
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TABLE 1. Transition temperatures (in °C) of different layers (L) in films 25 and 15 layers thick.

Thickness To(L=6) Te(L=5) T(L=4) T(L=3) T(L=2) T.(L=1)
25 48.71 4874 48.93 49.24 50.59 61.60
15 48.94 49.27 50.63 61.60

signal the Sm-A—Cry-B transition of the innermost two
layers, a transition absent from the heat-capacity data.
In principle, by increasing the film thickness, more in-
dividual layer transitions should be able to be resolved.
Unfortunately, the sensitivity of the optical reflectivity
experiment decreases rapidly as the film thickness is in-
creased. Furthermore, because of the finite width of the
heat-capacity anomalies, the maximum experimental res-
olution occurs for N = 25.

Table I summarizes the transition temperatures for
each identifiable layer transition of the 15- and 25-layer
films. For comparison, bulk samples of 40.8 display

the following transition sequence [5]: isotropic(I) oy

nematic(N) i Sm-A -5 Cry-B.

In the case of the 15-layer film, four separate heat-
capacity peaks can be clearly identified. For 25-layer
films, we can resolve six heat-capacity anomalies. This
suggests that the transition may be an example of in-
complete wetting. The data from 15- and 25-layer films
are shown in Fig. 3. They can be well described by the
simple power-law form [17], L = Lo{[Tc(L) — To)/To}~".
The fitting results shown as the dashed line in Fig. 3
yield v = 0.36 £ 0.02 and Lo = 0.32 £ 0.01. These val-
ues are quite similar to those found near the Sm-A-Sm-T1
transition (v = 0.37 and Lo = 0.24) of 90.4 [10] and
the Sm-A-Hex-B transition (v = 0.32 and Lo = 0.31)
of 3(10)OBC [11]. Systems dominated by van der Waals
forces are expected to be characterized by the exponent
v = % Intuitively, the value of Ly should be related to
some characteristic length scale. It is therefore interest-
ing to note the strong agreement between the values of
Ly obtained from the purely orthogonal transitions while
Ly is significantly smaller in the transition that estab-
lishes a considerable molecular tilt (thereby reducing the
characteristic layer spacing).

Table II displays the transition temperature, T.(1, N),
of the outermost layers and that of the layers immediately
adjacent to the surface layers, T.(2, N), as a function of
film thickness N. From the table it is clear that T.(1, N)

and T.(2, N) increase at different rates as film thickness
decreases. The difference leads to a systematic variation
of AT.(N) = T.(1,N) — Tc(2,N). The AT.(N) versus
film thickness data are presented in Fig. 4. The value of
AT, increases rapidly for small N and reaches an asymp-
totic value for N > 8. To a good approximation, the data
can be described by the following simple expression (for
9> N >4):

AT.(N) = AT, — 6T exp(—N/€), (1)

with ATy = 10.8 K, £ = 0.87, and 6T = 135 K. Thus the
effective penetration length of the surface ordering, &,
is slightly less than one molecular layer, consistent with
the observed layer-by-layer nature of the transition. The
three-layer film data do not follow the above relation,
however. Because the interior layer is immediately adja-
cent to the ordering field produced by both surface layers,
the interior transition of the three-layer film could be ex-
pected to be significantly enhanced. To our surprise, the
three-layer film exhibits a larger value of AT,(3) (= 8.2
K) than that [AT.(3)calc = 6.5 K] extrapolated from Eq.
(1). The observed depression of the interior layer tran-
sition temperature may be related to the energy barrier
associated with the need to correlate the possibly un-
aligned Cry-B axes between the two surface layers and
throughout the film.

In summary, the Sm-A-Cry-B transition in the 40.8
free-standing films has been found to occur in a layer-
by-layer fashion which is well characterized by a simple
power-law expression derived from van der Waals forces.
The effect of the ordered layers on the adjacent layers can
be described by an exponential form with a characteristic
length slightly less than one molecular length. The exper-
imental investigation of other liquid-crystal compounds
and phase transitions to acquire further physical insight
into the nature of layer-by-layer transitions is in progress.

This work was supported in part by the National
Science Foundation, Solid State Chemistry, Grant No.
DMR93-00781.

TABLE II. Surface [T(1,N)] and next-to-surface transition temperatures [T'(2, N)] (in °C) of

various film thicknesses. A = T(1,N) - T(2, N).

Thickness T(1,N) T(2,N) A
3 63.63 55.41 8.22
4 62.52 53.09 9.43
5 61.79 51.42 10.37
6 61.87 51.20 10.67
8 61.70 50.91 10.79
9 61.62 50.82 10.80
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