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Heat Capacity Measurements of Extremely Thin 
Substrate-Free Liquid-Crystal Films 

T. Stoebe,-" J. T. Ho, 3 and C. C. Huang -''4 

A state-of-the-art calorimetric system has been established. The system enables 
us to measure simultaneously heat capacity and optical reflectivity of free- 
standing liquid-crystal films from many hundreds down to only two molecular 
layers in thickness. Our experimental results on the smectic-A-hexatic-B and 
smectic-C-smectic-I transitions cannot be described solely in terms of the 
creation of bond-orientational order, indicating that additional molecular order 
must be present in the hexatic phases of liquid crystals. 
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smectic-A-hexatic-B transition: two-dimensional melting. 

I. I N T R O D U C T I O N  

For  many  decades,  heat  capaci ty  da ta  have revealed numerous  impor t an t  
physical  proper t ies ,  e.g., phonon ic  and electronic proper t ies  of crysta l l ine  
mater ials ,  the fundamenta l  exci ta t ions  of  a m o r p h o u s  mater ia l s  at low 
tempera tures ,  the existence of an energy gap in the supe rconduc t ing  state, 
and the na ture  of a large number  of phase t ransi t ions.  In many  circum- 
stances, heat  capac i ty  is the most  (and in some, the only)  exper imenta l ly  
accessible quan t i ty  related to a second der ivat ive of the free energy and to 
the divergent  behav ior  near  a phase t ransi t ion.  Consequent ly ,  heat  capac i ty  
measurements  have been vital in the effort to under s t and  the na ture  of 
var ious  phase t ransi t ions.  As an impor t an t  example ,  heat  capac i ty  da t a  
have a l lowed different packing  a r rangement s  of mono laye r s  of molecules  of 
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rare gases adsorbed on graphite to be distinguished [1].  The heat capacity 
anomaly from 4He/graphite foam at the order-disorder transition and 
critical coverage yields the critical exponent ~. =0.28. This value of z 
implies the existence of a ( 3 x 3 )  R30 structure of monolayer 4He oil 
bare graphite with a three-state Ports symmetry. On the other hand, the 
logarithmic temperature variation of heat capacity near the order-disorder 
transition of 4He adsorbed on Kr-plated graphite indicates the existence of 
a (1 x 1) [1/2] triangular structure on a honeycomb lattice of adsorption 
sites. In this case, therefore, the system belongs to the two-dimensional 
lsing universality class. 

Soon after remarkable theoretical advances introduced a novel melting 
mechanism and predicted the existence of an intermediate phase between 
the liquid and the solid phases in two dimensions 12D) [2] ,  Pindak et al. 
[3]  discovered a unique liquid-crystal mesophase below the smectic-A 
phase of 650BC. 650BC is a member of the nmOBC [n-alk.vl-4'-n-alkoxy- 
biphenyl-4-carboxylate] homologous series. Based on the x-ray diffraction 
data. this intriguing mesophase exhibits long-range bond-orientational 
order [namely, hexatic order) but only short-range positional order. It has 
been named the hexatic-B (HexB) phase and is often characterized as a 
three-dimensional stack of the two-dimensional hexatic phase as suggested 
by Birgeneau and kitster 1-4]. The fact that both tile SmA and the HexB 
phases, as well as their tilted counterparts [smectic-C (SmC) and smectic-I 
(Sml)],  possess a layered structure allows tile preparation of free-standing 
liquid-crystal films in these phases. The free-standing films are suspended 
around a hole cut into a film plate, much like a soap film is suspended on 
a ring. By choosing appropriate liquid-crystal compounds, uniform free- 
standing fihns with thicknesses ranging from only two to a few hundred 
molecular layers can be easily prepared. 

The existence of hexatic order in liquid crystals has been further 
confirmed by detailed electron diffraction studies of tile HexB phase in thin 
650BC films [5]  and x-ray diffraction investigations of the SmI phase in 
thick 8OSI films [6]. 8OSI refers to the compound 4-(2'-methylbutyll- 
phenyl-4'-n-octyloxybiphenyl-4-carboxylate. In addition to the remarkable 
structural information obtained from such diffraction probes, calorimetric 
measurements on bulk samples yield clear thermodynamic signatures 
related to the SmA-HexB-CryE (crystal-E) and SmC-Sml-CryJ  (crystal-J) 
transitions. These phase sequences represent 3D realizations of the 2D 
liquid-hexatic-solid transition sequence introduced in the novel theories of 
2D melting mentioned above. 

By utilizing a number of experinaental techniques for structural iden- 
tification, the novel hexatic phase has also been reported in various other 
2D systems [7].  However, to date, only liquid-crystal system (in the form 
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of stacked three-dimensional phases) have provided the essential thermo- 
dynamic signature of a phase transition into a liquid-like higher temperature 
phase or a solid-like lower temperature phase. Three critical exponents 
(~ = 0.60, fl = 0.19, and q = - 0.21 ) have been found to characterize the con- 
tinuous SmA-HexB transition exhibited by members of the nmOBC 
homologous series. These values satisfy the following scaling relations in 
three dimensions ( d =  3 ): d r =  2 - ~., 2v - qv=  2 - 2fl - ~. However, this set 
of critical exponents is very different from those (~ = -0.013,  '8=0.35, and 
q=0 .04)  of the 3 D X Y  universality class or those [:~= 1/2, ,8= 1/4, and 
q = 0) near a tricritical point. The experimental results, therefore, strongly 
demonstrate that the (XY symmetric) hexatic order identified by diffraction 
studies is not sufficient to describe the nature of the SmA-HexB transition 
in bulk liquid crystals. As a result, we have suggested that this intriguing 
transition may belong to a new universality class [7, 8]. 

It is now well-known that systems in the XY symmetry class may 
exhibit a unique topological defect-mediated transition in two dimensions 
which is very different from ordinary order-disorder transitions. Instead 
of the divergent behavior found near most continuous order-disorder 
transitions, only an essential singularity exists near the topological defect- 
mediated transition temperature (T, jm). This weak temperature dependence 
is reflected in the very broad heat-capacity hump, due to the massive 
dissociation of bound topological defects, which is expected to be present 
on the high-temperature side of Td,, [-9]. To test our hypothesis related 
to a new universality class, we have undertaken the measurement of the 
heat capacity of extremely thin liquid-crystal films near the SmA-HexB 
transition of mnOBC compounds. Because the hexatic order parameter  is 
XY-like, sufficiently thin films could be expected to exhibit a broad 
heat-capacity hump characteristic of a defect-mediated transition through 
the SmA-HexB transition. Successful measurement of the temperature 
dependence of the heat capacity of such thin films is not an easy task. This 
point can be easily illustrated by realizing that there is only about 500 ng 
of liquid-crystal material in a 1-cm diameter, two-layer film (25/~/layer). 
Our effort, therefore, has required a number of technical improvements 
necessary to achieve this seemingly impossible goal. 

2. E X P E R I M E N T A L  SETUP 

Employing a number of ideas, we have now established a state-of-the- 
art calorimetric system which enables us to measure simultaneously heat 
capacity and optical reflectivity from free-standing liquid-crystal films with 
thicknesses ranging from two to a vew hundred molecular layers. Details of 
our systems have been published elsewhere 1-10-12]. Figure 1 presents a 
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schematic diagram and tile key concepts of our  experimental geometry. To 
provide the AC heat source necessary for the calorimetric measurements,  
we mechanically modulate  (at 42 Hz) the infrared radiation (3.39 i tm) from 
a H e - N e  laser placed inside a temperature-regulated aluminium housing. 
The free-standing films are prepared over a l-crn-diameter hole cut into a 
stainless-steel plate which is placed inside a temperature-control led oven. 
At the 42-Hz chopping frequency, the 1/2-atm argon exchange gas inside the 
oven has a thermal diffusion length / a=0 .6  mm. Two tiny thermocouple  
junctions (separated 5 ram) made of 12-1tin-diameter, typc-E thermocouple  
wires are placed below the film, directly in the path of the laser radiation. 
In the case of thin films, while both thermocouple  junctions are exposed to 
the transmitted 3.39-pm radiation at 42 Hz, the film thermocouple,  located 
only 25 l~m below the film, experiences an additional temperature oscilla- 
tion contr ibut ion due to the film. Operat ing a lock-in amplifier in a dif- 
ferential mode between the signals from these two thermocouple  junctions 
enables us to detect the magnitude of the film temperature oscillation. This 
temperature oscillation is directly related to the heat capacity of the film. 

Another  intensity-stabilized H e - N e  laser operat ing at 0.6381~m is 
employed as the light source for the reflectivity measurement.  To facilitate 
lock-in detection of both signals, the 0.638-itm radiation is chopped at a 
much higher frequency (675 Hz). A small fraction of the beam is split off 
to a monitor.  The majority of the beam is focused and directed so that 
it intersects the film at near-normal incidence with a l/e-" width of 
approximately 300/L m. The reflected and moni tor  beams are detected using 
similar photovoltaic  detectors and another  lock-in anaplifier operat ing 
in the differential mode. Great  care was exercised to ensure that the 

:" " Chopped 3.39mm ~ ...-¢---- Laser Radiation 
Chopped 638nm ,...........~,~. (42 Hz) 
Laser Radiation 

(675Hz1 - - I  ~ ]  / Fihn 

Fihn • ~ Lower 
Thcmmcouple m [] Thcrmocouple 

I I 

Fig. 1. Schematic diagram displaying the 
experimental system for the simultaneous heat 
capacity and optical reflectivity measurements. 
The calorimetric measurement employs 3.39-1ml 
laser radiation as an AC heat source, while the 
focused 0.64-/tm radiation is utilized as the light 
source for the reflectivity measurement. 
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calorimetric and optical reflectivity signals were obtained from the same 
portion of the film while avoiding direct heating of the tiny thermocouple 
junctions below the film by the 0.638-i~m radiation. The system currently 
operates with resolution better than a few parts in 10 ~ for both probes. 

3. RESULTS AND DISCUSSION 

By considering the thin films to be thin dielectric slabs and making 
a few reasonable assumptions, one can obtain in-plane density from the 
optical reflectivity data. The temperature variation of the heat capacity 
(C o) and in-plane density (PA) data simultaneously obtained from a two- 
layer 3(10)OBC film near the SmA HexB transition are shown in Fig. 2. It 
should be noted that, because of the fairly small thermal diffusion length of 
the argon exchange gas at our chopping frequency, only a small portion 
(~0 .6 -mm diameter) of the film is actually probed by our calorimetric 
system (see Fig. I ). Thus, the amount of  tile saoqde actualh' contributing to 
our heat capacity measurement./i'onl ¢1 two-laver./i'hll is less than 20 rig! 

In thicker mnOBC films I N >  2 layers), more than one heat capacity 
peak associated with the SmA-HexB transition can be resolved [I 1, 13]. 
This phenomenon can be understood as a novel series of surface-enhanced 
layer-by-layer transitions [14, 15]. Because thicker films clearly exhibit 
effects dependent on relative position within the film, only two-layer 
films (exhibiting a single heat-capacity peak) can be categorized as two- 
dimensional systems. So far, more than 4000 thin mnOBC films have been 
prepared in our laboratories: we have not yet observed a one-layer film. 
Unlike the theoretical prediction, the heat capacity anomaly due to the 
two-layer 3(10)OBC film shown in Fig. 2 is clearly quite sharp. The data, 
therefore, appear much more like a standard order-disorder transition than 
defect-mediated. At the peak position of the heat capacity anomaly, the 
in-plane density data display a sign change in curvature. Because of the 
high resolution of the in-plane density data, a meaningful temperature 
derivative can be obtained. Within our experimental resolution, dpA/dT is 
proportional to C o and the two data sets can be scaled to overlap [12]. 
This scaling has allowed us to conduct a simultaneous fit of both heat 
capacity and in-plane density data to the following two equations: 

C o = A  -+ Itl " + B i  (1) 

and 

p , ~ ( T ) = p A ( T ~ ) + ( B , - E ) T ~ t / D + T ~ A  ++ Itl' ~ / [ D ( I - : ¢ ) ]  (2) 



1194 Stoebe, Ho, and Huang 

"7 

i = .  

m 

2.04 

2.00 

1.96 

, , t . . . . .  I 

74 75 76 
TEMPERATURE (°C) 

5.06 - (b) 

'?. 
o< 

a, 5.04 
i 

= • 

~ 5.o~_ 

L' . . . . .  i , , , i I 

74 75 76 
Temperature, °C 

Fig. 2. Heat capacity (al and in-phme molecular density 
(b) data near the SmA-HexB transition of a two-layer 
3( 10)OBC film. The data were obtained from the simul- 
taneous measurement of both heat capacity and optical 
reflectivity. The results from simultaneously fitting 
the heat capacity and in-plane density data to Eqs. I I) 
and (2), respectively, are displayed as solid lines. 

Here B~ is the background heat capacity contribution and the constants D 
and E could be determined from the scaling of tile dpA/dT data onto the 
heat capacity data, so that Cp= DdpA/dT+ E. With T~ held fixed at the 
peak position of the heat capacity anomaly, only four parameters (Bj, A +, 
,4- ,  and ~.) are therefore necessary to fit simultaneously both the heat 
capacity and the in-plane density data. The fitting results are quite satis- 
factory over more than one and a half decades in reduced temperature and 
are included in Fig. 2 as the solid lines• The important fitting parameters 
are ~=0.31 +0.03 and A +/A =0.93 +0.07. Because the heat capacity 
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anomaly can be well described by a power law. these results clearly 
demonstrate the inadequacy of simple bond-orientational order as the 
relevant order parameter for this transition. It is important to note that the 
transition into a three-state Potts system in 2D is characterized by u. = 1/3, 
quite close to the exponent obtained above. 

Because the molecular-tilt order is expected to couple to the bond- 
orientational order, hexatic domain problems can be avoided in the tilted 
phases. The nature of the hexatic order in the tilted hexatic phases has 
therefore been studied in considerably greater detail than in the HexB 
phase. Detailed x-ray diffraction data suggest that the bond-orientational 
order Iwith the XY symmetryl  is the primary order parameter and is 
sufficient to describe the nature of the SmC-Sml  transition [-6]. To 
ensure that our experimental results on the SmA-HexB transition do not 
represent a singular exception, we [16] have conducted detailed calori- 
metric investigations near the SmC-Sml  transition of two-layer films of 
DOBAMBC [p-decyloxybenzylidene-p-amino-2-methylbt, tyl cinnamate].  
The data are surprisingly similar to the SmA HexB case, and although the 
x-ray results indicate that bond-orientational order is important,  it is, 
again, not sufficient to describe the nature of the transition. There/ore, 
a simple he.\atic phase e.\hit~iting the thermodvmmHc signature ~?/ u phase 
transition into either the liquid or the solid pha.w remains to he identi/i'ed in 
II(ll l l l 'C. 

Our calorimetric results on two-layer 3(10}OBC films near the 
SmA-HexB transition require the existence of some additional molecular 
order aside from the observed bond-orientational order. To provide direct 
support of this conclusion, we have conducted electron diffraction studies 
to search for such additional order. Utilizing a long exposure time, an over- 
exposed diffraction pattern from an eight-layer 3110)OBC film in the HexB 
phase was obtained. It is displayed in Fig. 3. Besides the six-fold arcs 
indicative of bond-orientational order. Fig. 3 exhibits 12 additional weak, 
but discernible, diffraction spots, at locations which are characteristic of a 
herringbone molecular order i-3]. A high-resolution x-ray diffraction study 
is necessary to determine the extent (pseudo-long-range or short-range 
order} of this herringbone molecular order. The observation of herringbone 
order is important because it can be described by a three-state Potts 
hamiltonian, which exhibits a sharp heat-capacity anomaly in 2D. We have 
since conducted Monte Carlo simulation experiments to confirm that it is 
possible to establish simultaneously both bond-orientational order and 
herringbone order through a continuous transition in 2D. The simulation 
exhibits a sharp heat-capacity anomaly that can be characterized by a 
critical exponent, :z. ~ 1/3 [17]. Continued simulation work in both 2D and 
3D is in progress. 
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Fig. 3. Electron diffraction pattern from an 
eight-layer 3II01OBC film. The plate was pur- 
posely overexposed (several minutes instead of 
several secondsl to reveal the 12 weak, but dis- 
cernible, herringbone diffraction spots. 

In conc lus ion ,  no t  on ly  have  we es tab l i shed  an ex t r eme ly  sensi t ive 

ca lo r ime t r i c  sys tem to m e a s u r e  the hea t  capac i ty  and  in -p lane  dens i ty  of  

ex t r eme ly  thin f ree -s tand ing  l iqu id-c rys ta l  films, but  also we have  

d e m o n s t r a t e d  tha t  de ta i led  ca lo r ime t r i c  d a t a  can  p rov ide  crucia l  s t ruc tu ra l  

i n f o r m a t i o n  which  m a y  escape  o the r  e x p e r i m e n t a l  inves t iga t ions .  
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