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Nature of the smectic- 4 —hexatic-B —crystal-E transitions in extremely thin films
determined by optical reflectivity measurements
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Employing high-resolution optical reflectivity measurements, we have investigated the nature of the
smectic- A —hexatic-B—crystal-E transitions in extremely thin rn-alkyl-4'-n-alkoxybiphenyl-4-carboxylate
(nmOBC) films. The reflectivity data are shown to yield quantitative information on the molecular den-
sity of the films. The experimental technique has been found to be extremely powerful in establishing the
continuous nature of the smectic- A-hexatic-B transition.

PACS number(s): 64.70.Md, 61.30.—v, 64.60.Kw

I. INTRODUCTION

The study of dimensionally constrained systems has
been of increased interest in recent years and the theories
regarding melting in two dimensions have generated
quite a large body of important literature. Many experi-
mental systems have subsequently been developed to test
these theoretical predictions and explore the interesting
phenomena observed. One of the richest such systems
has proven to be that of liquid crystals in the free-
standing film geometry. In the appropriate temperature
range and mesophase, many liquid-crystal compounds
can be spread across an opening to form freely suspended
films, like soap films. Since stable, uniform films can be
created as thin as two molecular layers in thickness (=50
A), they are well suited for the study of physics in two di-
mensions. Moreover, their free-standing nature avoids
many of the serious problems associated with sample-
substrate coupling.

A number of other experimental probes have been ap-
plied to examine these free-standing films. High resolu-
tion x-ray and electron-beam scattering studies have been
performed allowing the structural identification of many
mesophases [1,2]. Light-scattering experiments have pro-
vided insight into the elastic properties of the films [3].
Mechanical measurements have been conducted to probe
the shear mechanical response of the two-dimensional
solid phase [4]. Calorimetric studies have shed light on
their thermal properties [5], etc. In this paper, we de-
scribe a relatively simple, high-resolution, optical
reflectivity experiment that yields quantitative data on
the molecular density of extremely thin free-standing
liquid-crystal films as a function of temperature. This ex-
perimental technique has allowed us to significantly im-
prove our temperature resolution and conclude that the
smectic- A —hexatic-B transition in two-layer 3(10)OBC
films is continuous to within only 2 mK.

II. EXPERIMENTAL SETUP

The films [6,7] are created inside a sealed two-stage
oven backfilled with } atm of pure argon gas by the
motion of a glass spreader across a 1 cm square opening
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in a stainless steel film plate (see Fig. 1). The temperature
of the oven is computer controlled and has been found to
be stable to better than 1 mK. Details of the oven con-
struction have been described in Ref. [7]. Optical access
is provided through quartz windows tilted 10° relative to
the plane of the film to eliminate interference and multi-
ple reflections off the film. A model 117A Spectra Phys-
ics 1-mW polarized He-Ne laser operating at 638 nm and
in its amplitude-stabilized mode is used as the light
source. The laser is mounted in an Al enclosure to fur-
ther reduce drifts in laser power output due to thermally
induced fluctuations of the lasing cavity. Employing
standard ac techniques, the laser beam is mechanically
chopped at 675 Hz. A variable neutral density filter is
used to insure optimal performance of the photovoltaic
detectors (Model PIN-10DP, United Detector Technolo-
gy). A small portion of the beam is split off to monitor
laser power intensity while the majority of the beam is
directed to intersect the film at near normal incidence
(6; <7°). The intensities of the laser light reflected off the
film and of the monitor beam are detected using similar
photovoltaic cells and a lock-in amplifier (Model 124 A,
Princeton Applied Research). A rotating polarizer is
mounted in front of the monitor photovoltaic cell so its

!

! Chopped 638 nm

: laser light at 675 Hz
1

—

Spreader
Rod Quartz
1 windows

[

1
Spreader |'| Film

/

™ Outer
Stage

I~ Film
Plate

. ™ Inner

d t

(Heater)
FIG. 1. Oven schematic.

5238 ©1994 The American Physical Society



49 NATURE OF THE SMECTIC- 4 -HEXATIC-B-CRYSTAL-E . .. 5239

_ _ _4® | Variable ‘__J Stabilized
"f " "|ND Filter | Chopper Laser
1 |
Polarizer 'I
| 1
| Computer
! Oven for Temp.
: Control
T
I 1
1 1
Monitor Sample Ice-water
Photo- Photo- Reference
Detector | | Detector
Nanovoltmeter
Lock-in
Amplifier
l Chart Recorder
Digital

Multi-meter [ ]
Computer for
Data Acquisition

FIG. 2. System schematic.

signal level can be adjusted to greatly reduce the effects of
residual laser power fluctuations by operating the lock-in
amplifier in the differential mode between the film and
monitor signals. The system typically operates at over
98% subtraction yielding reflectivity data with a signal-
to-noise ratio better than 5X 10*. The system schematic
is shown in Fig. 2.

III. MEASUREMENT RESULTS
AND DATA ANALYSES

The orthogonal smectic films exist as quantized stacks
of single molecular thick layers in which the long axis of
the molecules are parallel to the layer and film normals
(8]. Because the molecules are highly anisotropic
(25X 6X3 A®), many liquid-crystal phases are optically
biaxial. However, since the molecules may exhibit collec-
tive rotation about their long axes in both the smectic- 4
(Sm- 4) and hexatic-B (Hex-B) phases, free-standing films
of these phases may be treated simply as uniform uniaxial
dielectric slabs over the 100-um spot size of the illuminat-
ing laser. The reflectivity for light polarized perpendicu-
lar to the plane of incidence on such a slab is given by [9]

R— 4n3cos’(i)cos™(r) 1 ! W
[cos*(i)—n3cos?(r)]*sin*(a) ’

where i is the angle of incidence, r is the angle of
reflection, n, is the ordinary component of the index of
refraction of the slab, and @ =nyhk cos(r). The thickness
of the slab is given by 4 and k denotes the wave vector of
the incident beam (k=9.93X107% A~!) Taking
h =Neg, where ¢ is the average layer spacing and N gives
the film thickness in units of layers, the parameter
a(=ngyhk cos(r)) can be seen to be small for sufficiently
thin films. For example, since ny~1.5, k =9.93x10~*

;\_1, cos(r)<1, and h=50 A for a two-layer film,
a~7.5X1072 and, therefore, sin(a)~a in this case. Fur-
thermore, since the system was constructed so that
i=~r=0, Eq. (1) can be greatly simplified for sufficiently
thin films (N < 15) so that

R=(1—n3)*Nek)*/4 . )

Because of the quantized nature of the films and since
R =¢N 2, the film thickness (in units of smectic layers)
can be determined by spreading films until the measured
values for the reflectivity begin to repeat, allowing the
constant § (and the thickness of subsequent films) to be
obtained [10].

The semimicroscopic nature of such films excludes
many standard measurements and the construction of a
simple table-top experiment capable of resolving phase
transitions, especially the nature of the phase transition,
in these films is not an easy task. However, the impres-
sive signal-to-noise ratio of the reflectivity measurement
has allowed it to provide information unobtainable by
any other means presently available and become a power-
ful tool in investigating the nature of phase transitions in
effectively two-dimensional free-standing films.

Figure 3 displays the measured reflectivity near the
Sm- A —Hex-B transition of a two molecular layer thick
film of the liquid-crystal compound 3(10)OBC (a
member of the nmOBC, n-alkyl-4'-n-alkoxybiphenyl-4-
carboxylate, homologous series). Previously, we have re-
ported heat capacity and optical reflectivity results from
simultaneous measurements of two-layer 3(10)OBC films
[11]. To obtain the heat capacity data, an ac heat source
(a chopped ir laser) was used to induce a +5 mK tempera-
ture oscillation in the film. It is well known that the pres-
ence of such a temperature oscillation generally precludes
the accurate detection of the latent heat associated with a
first-order transition. Therefore, due to these limitations,
we were only able to assert that the Sm- 4 —Hex-B transi-
tion observed in two-layer 3(10)OBC films was continu-
ous to within our 10-mK experimental resolution. Be-
cause the reflectivity experiment alone requires no such
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FIG. 3. Measured reflectivity near the Sm- 4 —Hex-B transi-
tion of a two-molecular layer thick 3(10)OBC film. The inset
shows the details of the reflectivity in the immediate vicinity of
the transition temperature.
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temperature oscillation, it can be used to probe much
closer to the transition temperature and substantially im-
prove the temperature resolution. Moreover, because, as
will be shown below, the reflectivity is related to a first
derivative of the free energy (namely, the molecular den-
sity), it should be sensitive to the presence of a first order
transition. The two-layer 3(10)OBC Sm- A —Hex-B phase
transition is apparent in the reflectivity data presented in
Fig. 3 by the sign change in the curvature near 74.9°C.
The smooth variation in the slope of the curve provides
strong evidence of the continuous nature of this transi-
tion. Furthermore, the inset allows the temperature
dependence of the reflectivity to be examined in the im-
mediate vicinity of the transition. From this data, we can
conclude that this transition is continuous to within only
2 mK, a significant improvement.

Figure 4 exhibits reflectivity data near the Sm-
A —Hex-B transition of the two interior layers and Hex-
B —Cry-E transition of the two outer layers of a four-
layer 7500BC film. The Sm-A —Hex-B transition again
appears as a continuous variation in the slope near
64.5°C but the strongly first-order Hex-B —Cry-E transi-
tion appears as a very sharp jump in the reflectivity data.
Because the Sm-A4 —Hex-B transition of the two outer
layers was found to occur above 74°C and the film rup-
tured irreproducibly near the interior Hex-B -Cry-E
transition (at about 58 °C), these transitions could not be
included in Fig. 4. The phase sequences have been
identified through both electron-beam and x-ray
diffraction experiments [12].

The reflectivity data is important because it can be re-
lated to the molecular density of the films. This can be
understood simply as the increased packing efficiency of
the more ordered phase increasing the index of refraction
and, by Eq. (2), the measured reflectivity. This argument
can be formalized using the Lorentz-Lorenz equation [13]
relating the index of refraction, n,, to the number densi-
ty, p, through
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FIG. 4. Measured reflectivity near the interior Sm- A —Hex-B
and surface Hex-B —Cry-E transitions of a four-molecular layer
thick 75OBC film.
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The molecular polarizability is given by y. Taking
¢ =3 /41y, this can be rewritten as

172

c+2p
c—p

0 4)

Substituting this into Eq. (2), and solving for the molecu-
lar number density, p, gives

4

3hk
1+2\/R

The density can therefore be determined as a function
of the measured reflectivity. It should be noted that, in
principle, there are no adjustable parameters in this
analysis. However, since no reliable values for the molec-
ular polarizability could be obtained and because the
Lorentz-Lorenz relation may not be expected to hold ex-
actly for the (relatively dense, semimicroscopic) films, the
constant, ¢(=6.0X10"3 A~?), was determined using
nominal values for the index of refraction (n,=1.5) and
the density (p=1.766X10"° A~?) and Eq. (4). More-
over, to determine the temperature dependence of the
density, we have also assumed that both the molecular
polarizability and film thickness do not change appreci-
ably over the temperature windows of interest. Using the
reflectivity data presented in Fig. 3, the temperature
profile of the density near the Sm- A —Hex-B was calcu-
lated under these assumptions and is shown in Fig. 5. As
expected, the increase in the sixfold coordination of the
Hex-B phase allows the molecules to pack more
efficiently and the density increases accordingly. Again,
the continuous, smooth increase in density is highly sug-
gestive of the continuous nature of this transition.

The molecular density of the films can also be deter-
mined through x-ray diffraction experiments. We have,
therefore, calculated the temperature dependence from
such an experiment near the Sm- A —Hex-B transition of
a thick 460BC free-standing film and included these data
in Fig. 5 for comparison [14]. After shifting the tempera-
ture axis to account for the difference in transition tem-
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FIG. 5. Density calculated from the reflectivity data present-
ed in Fig. 3 (line) and from the x-ray study by Davey et al. [14]
(circles). The reflectivity method clearly yields data of
significantly greater relative resolution.
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peratures between the two compounds, it is clear that the
agreement is excellent, strongly supporting the above as-
sumptions and our novel measurement technique. It
should also be noted that the temperature resolution and
relative density resolution of our technique are also sub-
stantially greater than the powerful, but painstaking, x-
ray experiments. In fact, because at least 15 min are re-
quired to obtain reasonable counting statistics on very
thin films even under a synchrotron light source, our
method provides temperature resolution far superior to
any other presently available.

Applying the procedure described above, the
reflectivity data exhibited in Fig. 4, has also been
transformed to yield the temperature dependence of the
molecular density near the Hex-B —Cry-E transition of a
four-layer thick film of 7SOBC. As evident in Fig. 6, the
density increases sharply at the transition temperature,
consistent with the first-order nature of this transition.
The transition widths are exceptionally narrow, roughly
6X107° in reduced temperature (t =|T —T,|/T,). The
expected density change could again be calculated using
lattice parameters obtained from x-ray experiments [15].
The observed variation in density is highly consistent
with only two of the four layers undergoing the Hex-
B —Cry-E transition. It is apparent that, due to the sta-
bilizing effects of the surface tension inherent in the film-
vapor interfaces, the two outermost layers order at a tem-
perature substantially above the bulk Hex-B —Cry-E tran-
sition temperature. Such surface ordering has also been
widely observed in a number of other free-standing
liquid-crystal film systems [16].

The expected density jump has been included as an I
beam in Fig. 6. Once again, the excellent agreement be-
tween our data and the data obtained from the x-ray
diffraction study strongly supports our technique. More-
over, it is interesting to note that a small plateau (only 10
mK wide) can be observed roughly in the middle of the
jump. This most likely separates the transition in the top
and bottom surfaces and would be virtually impossible to
detect in an x-ray experiment, again indicating the im-
pressive temperature resolution of the reflectivity probe.
A number of attempts were made to detect the Hex-
B —Cry-E transition of the interior layers. Unfortunately,
however, this proved impossible since the films con-
sistently ruptured near the bulk Hex-B —Cry-E transition
temperature (58 °C), possibly due to a strain produced by
the incommensurate nucleation of the interior Cry-E
phase relative to the unaligned outer layers.

As mentioned above, the treatment of the Sm-A4 and
Hex-B phases was simplified because of their uniaxiality
on length scales comparable to the illuminated spot size.
The Cry-E phase, however, is weakly birefringent [8].
Since the laser used for the optical reflectivity measure-
ment is polarized, it is sensitive to the domain structure
and local orientation of the Cry-E axes (not easily con-
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FIG. 6. Density calculated from the reflectivity data present-
ed in Fig. 4. The Hex-B -Cry-E transition appears as a discon-
tinuous jump in the density data. The I beam represents the
jump expected based on densities determined from lattice pa-
rameters obtained through an x-ray diffraction experiment [15].

trolled in the free-standing films). The runs with the larg-
est jumps (implying few domains) were found to be the
most reproducible and consistent with the existing x-ray
data.

IV. DISCUSSION

A system capable of measuring the optical reflectivity
of very thin free-standing liquid crystal with high resolu-
tion (S/N =5X10*) has been established in our laborato-
ry. Moreover, the resolution of this experiment has al-
lowed both the Sm- 4 —~Hex-B and Hex-B —Cry-E transi-
tions in films of the nmOBC homologous series to be in-
vestigated. The experimental data has enabled us to con-
clude that the Sm-A -Hex-B transition in two-layer
3(10)OBC films is continuous to within 2 mK.

A simple calculation has been presented allowing the
temperature dependence of the molecular density to be
determined from the reflectivity data. The resultant den-
sity profiles have been shown to be in good agreement
with density data calculated from lattice parameters ob-
tained through x-ray diffraction experiments, strongly
supporting the capabilities of this measurement tech-
nique. Applications of this unique experimental tool to
explore the nature of other phase transitions in liquid-
crystal films are in progress.
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