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High-resolution heat-capacity and optical-reflectivity measurements have been conducted on 
thin free-standing films of n-hexyl-4’-n-pentanoyloxy-biphenyl-4-c~xylate (64COOBC). 
The data suggest incomplete layer-by-layer liquid-hexatic transitions. The transition in 
extremely thin films shows a diverging heat-capacity anomaly. The results are compared with 
those reported in other compounds, and discussed in the context of the theory of two-dimen- 
sional melting. 

Keywords: liquid-crystal thin films; 2D melting theory 

Theories of two-dimensional (2D) melting [ 1-31 suggest a mechanism in 

which a 2D solid could melt, via two KT-type transitions, through an 
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intermediate hexatic phase, into the isotropic liquid. While much 
experimental effort has been undertaken to test these theoretical 
predictions, studies on several liquid-crystal systems have proven to be 
among the most fruitfil[4], notably in the homologous series n-alkyl-4‘- 
n-alkyloxybiphenyl-4-carboxylate (nmOBC). In fact, pioneering x-ray 
measurements provided the first indication of the existence of the three- 
dimensional analog of the 2D hexatic phase in 650BC films [S], in 
which herringbone ordering was also observed. The heat-capacity 
measurements from two-layer 3( 1O)OBC films revealed a diverging 
heat-capacity anomaly [6] near the continuous smectic-A (Sm-A) - 
hexatic-B (Hex-B) transition, which is in disagreement with the 
predictions of 2D melting theory [7]. The observed diverging heat- 
capacity anomaly can be well fitted by a power-law expression with the 
critical exponent Q = 0.31 f 0.03 [8]. Subsequently, overexposed 

electron-diffraction (ED) studies on 3( 1O)OBC films revealed weak 
herringbone order in the H e x 4  phase [9] .  Thus it was suggested that the 
discrepancy between the heat-capacity data and theoretical prediction 
might be due to the presence of herringbone order in these compounds. 
Surendranath ef al. [ 101 have identified the Hex-B and crystald (Cry-B) 
phases in some members of the n-alkyl-4’-n-pentanoyloxy-biphenyl-4- 
carboxylate (n4COOBC) homologs. In addition, ED measurements have 
revealed no discernible herringbone spots in the overexposed diffraction 
pattern from 54COOBC Hex-B thin films, which suggests that the 
herringbone order in these films is either not present or significantly 
weaker than that in nmOBC compounds [ 1 I]. Nevertheless, the Sm-A - 
Hex-B transition in 54COOBC thin films has also been found to show a 
pronounced pretransitional heat-capacity anomaly, with the critical 
exponent a = 0.30 -I- 0.07 [I  I], which is still in sharp contrast to the 

theoretical prediction [7]. Although many previous experimental results 
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indicate that the 2D melting theory in its present form does not describe 
in detail the liquid-hexatic transition in liquid-crystal thin films, it 

remains an important experimental task to look for some other 

compounds similar to 54COOBC exhibiting the liquid-hexatic-crystal 

phase sequence in the absence of herringbone order and to investigate 

the thermal properties of their thin films. 
Studies of several other compounds exhibiting the Sm-A - Hex-B - 

Cry-B sequence have been limited only to thick films [12]. Applying a 

relatively small modification to the nmOBC structure, Surendranath et al. 
have synthesized some members of the n4COOBC homologs which are 

very rich in hexatic behavior [lo]. Subsequent bulk heat-capacity results 
from 64COOBC and 34COOBC show weakly first-order Sm-A - H e x 4  

transitions [ 131. Utilizing our high-resolution free-standing film 

calorimeter [ 141 and optical-reflectivity system [6], we have conducted 

an experimental investigation of the phase-transitional behavior in thin 

free-standing films of 64COOBC. This compound exhibits the following 

bulk transition sequence [lo]: isotropic (68.5 "C) Sm-A (56.7 "C) Hex-B 

(49 "C) Cry-B. The existence of the Cry-B phase below the H e x 4  phase 

is similar to that of 54COOBC, but different from the typical nmOBC 

sequence, where the Hex-B phase is generally followed by the crystal-E 
phase. 

Employing our free-standing film ac calorimeter, we have measured 

the temperature dependence of the heat capacity for various 64COOBC 

film thickness. Figure 1 displays the heat-capacity data from ten-, six-, 

and two-layer films. Associated with the Sm-A - H e x 4  transition, three 

well-separated and sharp heat-capacity peaks can be seen in the ten- and 
six-layer films, which clearly demonstrates the existence of layer-by- 

layer transitions. The two-layer film displays a single sharp and nearly 

symmetric heat-capacity peak. With a temperature ramping rate of about 
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1 Heat-capacity data in ten-, six-, and two-layer 64COOBC films. 

10 N m i n  near the first heat-capacity peaks upon cooling, detailed 
thermal hysteresis studies have been carried out on the surface transitions 

of ten- and six-layer films. We have obtained thermal hysteresis of 30 

and 40 mK (with resolution of 50 mK) for the surface transitions often- 
and six-layer films, respectively. Thus the surface-layer transitions of 
these two 64COOBC films are essentially continuous to within our 
resolution. For the two-layer film, the thermal hysteresis is found to be 
70 zk 50 mK, with the magnitudes of the heatcapacity peak differing 

by less than 7% between the heating and cooling runs, suggesting that 

this transition is only weakly first order. 
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FIG. 2 Optical-reflectivity data in ten- and six-layer 64COOBC films. 

In addition to the heat-capacity measurements, the in-plane density 

changes determined by the optical-reflectivity experiments in these 

layer-by-layer transitions can help us understand how many smectic 

layers are involved in each step. Optical-reflectivity data from the ten- 

and six-layer films are shown in Fig. 2, where three anomalies are clearly 

seen in these two films, reinforcing the existence of layer-by-layer 

transitions. It is worth noting that the three density changes observed in 

six-layer film are almost the same, which indicates that each phase 

transition involves a pair of smectic layer undergoing the Sm-A - Hex-B 
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transition inwardly with decreasing temperature. For the ten-layer film, 
the density changes of the surface and next-to-surface transitions are 

nearly the same, and are both equal to that of the surface transition of the 

six-layer film. This result provides strong evidence that the second 

transition in the ten-layer film upon cooling involves only two srnectic 

layers transforming from the Sm-A to Hex-B phase, while the third 
transition corresponds to the remaining six interior smectic layers 

undergoing the same transition. Thus the surface-freezing behavior in 

these thin films belongs to the case of incomplete layer-by-layer 
transitions. 

It is instructive to examine in detail the nature of the Sm-A - Hex-B 

transition of the two-layer 64COOBC film. The fact that the two-layer 

film exhibits a single heat-capacity anomaly indicates that it possesses 
2D thermal behavior. Although the transition is weakly first order, the 

pronounced pretransitional heat capacity and divergent character are in 
1.05 
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FIG. 3 Detailed heat-capacity data in a two-layer 64COOBC film. The 

line is a power-law fit With a critical exponent of a = 0.39 * 0.03. 
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sharp contrast to the theoretical prediction [7] of the 2D melting theory, 
which suggests that the KT-like liquid-hexatic transition should exhibit 

only an essential singularity. The fitting of the heat-capacity anomaly of 
the two-layer film to a simple power-law expression yields a = 0.39 

k 0.03, which is similar to the a value previously reported in the Sm- 

A - Hex-B transition of two-layer 54COOBC films, [ 111 but somewhat 

larger than that in 3(10)OBC [8]. It may be interesting to note that the 
value is close to the prediction of a = 0.36 +- 0.05 in a coupled XY 

model in appropriate parameter spaces [15]. The fitting of the two-layer 

64COOBC data is shown in Fig. 3. 
According to the prediction of the 2D melting theory [l-31, the 

behavior of the heat capacity near the Sm-A - Hex-B and the Hex-B - 

Cry-B transitions should both be of the KT-type [7]. We do not as yet 
have a definite explanation for the unexpected critical anomaly in the 
heat capacity near the Sm-A - Hex-B transition seen here in the 2D 

64COOBC film. The possible connection between the thermal anomaly 
and the presence of herringbone order in 2D nmOBC films is probably 

not relevant in 64COOBC. We have obtained a preliminary overexposed 
ED pattern from a 64COOBC H e x 4  thin film which did not show any 
weak satellite spots, indicating no discernible herringbone order. The 
heat-capacity anomaly in a 2D 64COOBC film is quite similar to that in 

54COOBC, with the possible difference being that the experimental peak 

is sharper in the former. In the case of 54COOBC, it has been suggested 

that a highly-correlated isotropic phase, called the smecticd’ (Sm-A’), 
exists between the Sm-A and Hex-B phases, and that the heat-capacity 
anomaly actually corresponds to the Sm-A - Sm-A’ transition [16]. 
Whether this explanation applies to 64COOBC is unclear, since the ED 
experiment to show the possible existence of the Sm-A’ phase in 

64COOBC has not been performed. 
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