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Three experimental probes have been employed to investigate the nature of the smectic-A–smectic-C (Sm
-A–Sm-C*) phase transition of one liquid-crystal compound showing almost no layer-shrinkage effect through
the transition. Results from both x-ray diffraction and optical studies indicate that the compound exhibits a
crossover behavior of different molecular packing arrangements within the bulk Sm-A phase window. The
calorimetry results show a significant critical anomaly near the Sm-A–Sm-C* transition, although it was found
to be weakly first order.
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Smectic-A sSm-Ad and smectic-C sSm-Cd are two impor-
tant mesophases found in many rodlike liquid-crystal com-
pounds. If the constituent molecules are chiral, the chiral
smectic-C sSm-C*d phase forms instead of the Sm-C phase.
To characterize the direction of the molecular long axes(de-
noted by then director), we use two parameters:u [tilt angle
from the layer normalszd] and f (azimuthal angle). In the
Sm-C* phase, the chirality breaks the mirror symmetry in the
tilt plane, defined byz andn, and allows the existence of a
net electric dipole moment normal to the tilt plane[1]. Con-
sequently, one of the prominent features associated with the
Sm-A–Sm-C* transition is the electroclinic effect in the
Sm-A phase[2] in which the average tilt angle is directly
related to an applied electric fieldsEd. Recently, an unusually
large electroclinic effect near the Sm-A–Sm-C* transition of
several liquid-crystal compounds has been reported[3–6].
This class of compounds also shows no-layer-shrinkage
(NLS) behavior through the Sm-A–Sm-C* transition. Both a
large electroclinic effect and NLS behavior are extremely
important in utilizing Sm-C* material for electro-optical de-
vice applications. Thus, a considerable amount of attention
has been aimed at understanding the origin of the molecular
tilt in the Sm-C (or Sm-C*) phase as well as the true mo-
lecular packing arrangement of this class of compounds. To
date, at least two models have been proposed to explain the
electroclinic effect. In the first,n is assumed to be parallel to
z in the Sm-A phase. Under an applied electric field, the
molecules tilt[2]. This results in a significant change in the
smectic layer spacing. In the second approach suggested by
de Vries et al. [7], the molecules in the Sm-A phase are
assumed to be tilted through a finite angleuA in the absence
of an applied electric field, but are spatially disordered in
their azimuths. Specifically, the azimuthal distribution func-
tion is uniform, fsfd=1/s2pd, on a cone aboutz. Then an
applied electric field in the layer plane promotes azimuthal

order, without any significant change inuA or the smectic
layer spacing. Small angle x-ray diffraction yields very dif-
ferent results between these two scenarios. Upon cooling
through the Sm-A–Sm-C (or Sm-C*) transition, the mea-
sured smectic layer spacingsdd shows a significant reduction
in the first case and much smaller layer contraction in the
second one[3]. For the purpose of our presentation, we will
name the two models the “conventional Sm-A” and “de
Vries-type Sm-A.” Three experimental probes, namely, x-ray
diffraction, ellipsometry, and calorimetry, were employed to
gain better insight into the nature of the Sm-A–Sm-C* tran-
sition of one compound showing almost no-layer-shrinkage
behavior through the transition. Employing bulk sample
cells, Lagerwallet al. [6] have studied this compound and
acquired several important physical properties. Nevertheless,
our higher-resolution measurements enable us to discover
several critical features. Among them, our results indicate
that upon cooling, there exists a crossover behavior from
conventional Sm-A to de Vries-type Sm-A.

To obtain the high-resolution temperature variation ofd
near the Sm-A–Sm-C* transition of 8422[2F3], we con-
ducted detailed small angle x-ray diffraction from free-
standing films using beam line X19A at National Synchro-
tron Light Source, Brookhaven National Laboratory. The
molecular structure of 8422[2F3] is given at the top of Fig. 1.
Bulk samples exhibit the following phase sequence: crystal
s43.1°Cd Sm-C* s64.5°Cd Sm-A s91°Cd isotropic. The thick
8422[2F3] free-standing films were prepared inside a tem-
perature regulated oven with temperature resolution better
than 0.01 K. To minimize the attenuation of the x rays, the
x-ray flight path and the film oven were filled with He gas.
Excellent layer structures formed in free-standing films en-
able us to get very sharp(001) diffraction peaks. The x-ray
wavelength was 5.016 Å. Although short at this wavelength,
the penetration length of the x rays is, at least, equal to(or
larger than) the thickness of the free-standing film(more
than 500 layers). The contribution of the few interface-
distorted surface layers to the diffraction is therefore negli-
gible. To get the best experimental resolution, 0.07 mm input
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and output vertical slits sizes were used to define the incident
and diffracted beams. Each scan through the(001) Bragg
peak was performed with a step size of 0.0005Qz. In addi-
tion, each Bragg peak was carefully optimized throughu and
x rocking scans at each peak position.

The full width at half maximum of the Bragg peaks re-
mained at about 0.002Qz throughout the study. The mea-
suredd as a function of temperature is shown in Fig. 1[8].
Upon cooling from the Sm-A phase, as usual, an increase in
d is observed. AtT1 (about 4.5 K above theTc), there exists
an obvious slope change, and the temperature variation ofd
turns into a plateau before a small and smooth drop below
Tc. Our high-resolution x-ray data reveal the first experimen-
tal observation of the existence of a conspicuous plateau just
above Tc among various compounds showing no-layer-
shrinkage behavior. The layer spacing only changes slightly
s,0.2 Åd in the Sm-C* temperature window shown, which
corresponds to an<0.5 % change in layer spacing. In con-
trast, a conventional Sm-A compound usually exhibits about
a 5 % change in the same temperature window. To facilitate
further discussions, we will use regions I and II to denote
these two different temperature windows aboveTc, separated
by T1 as indicated in Fig. 1.

Employing null-transmission ellipsometry(NTE) [9,10],
we have measured two ellipsometry parametersC and D
under various conditions, i.e., film thickness(N is number of
layers), temperature, strength, or orientationsad of the ap-
plied E field. HereD is the phase lag between thep̂ and ŝ
components of the light incident upon the sample necessary
to produce linearly polarized transmitted light after the free-
standing film. The second parameterC is the angle of the
polarization of the transmitted light. Figure 2 displaysD ver-
sus temperature obtained from a 35-layer film under two dif-
ferent E-field orientations(a=90°, D90 and 270°, D270),
which are perpendicular to the incident plane of the laser
light. In region I, D90 is different fromD270. This indicates

that the film is biaxial. Our detailed ellipsometric studies of
this compound from thin free-standing filmssN,12d indi-
cate that the biaxiality is mainly due to the surface-enhanced
molecular tilt[9]. In region II, the entire film is uniaxial. Just
before the transition into the bulk Sm-C* phase,D90 shows a
dip while D270 exhibits a cusp. Similar temperature evolu-
tions of D90 andD270 obtained from films of different thick-
nesssN,12d allow us to unfold a new surface tilt profile in
the Sm-C* temperature range[9].

Three key physical parameters in simulating optical prop-
erties of free-standing films employing the 434 matrix
method ared and two indices of refraction(no andne) in the
principal molecular frame. Usually, we obtain these three
parameters in the uniaxial Sm-A phase in which the ellipso-
metric parameters(C and D) depend ond, N, the index of
refraction along the layer normalni, and the one within the
layer planen'. By acquiringC andD from a series of films
(typically more than 50) of thickness from two to a few
hundreds of layers, these important quantities can be deter-
mined by modeling the data using the uniaxial slab structure
for the Sm-A phase.

At 70.2°C, just above region I, we have spread 87 differ-
ent 8422[2F3] films of various thicknesses, ranging from 2 to
247 layers, and acquiredC and D. Figure 3 shows theC
versusD plot as solid diamonds. The fact thatN in free-
standing films is quantized enables us to use the 434 matrix
method to simulate all the data by choosing proper values of
d, N, ni, andn'. The simulated results shown as circles yield
n'=1.401±0.001,ni=1.467±0.001, andd=3.77±0.04 nm.
Within our experimental resolution, the values ofd deter-
mined from x-ray diffraction and NTE are in very good
agreement. Similar measurements were conducted at 85°C, a
few degrees below the isotropic–Sm-A transition temperature
and yieldedn'=1.395±0.001 which is only slightly smaller
than the one obtained at 70.2°C. To date, employing NTE,
we have conducted detailed optical investigations of 12
liquid-crystal compounds showing conventional Sm-A be-
havior. Their average and standard deviation of two indices
of refraction are n'=no=1.477±0.008 and ni=ne

FIG. 1. The molecular structures of(a) 8422[2F3] and (b) FPP
are shown at the top. The layer spacing as a function of temperature
from a thick free-standing 8422[2F3] film. The Sm-A–Sm-C* tran-
sition temperaturesTcd is denoted by the left arrow. The right arrow
sT1d separates the bulk Sm-A phase window into region I and II.

FIG. 2. Temperature dependence ofD obtained upon cooling
under two opposite directions ofE (crosses,a=90°; dots,a=270°)
from a 35-layer film. The inset shows details near the Sm-A–Sm
-C* transition.
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=1.617±0.031 Theirno values range from 1.452 to 1.497. If
the diffuse-cone picture still held in the temperature region II
for 8422[2F3], we would have obtained a value ofn'(within
the layer plane) that is larger thanno(determined in the mo-
lecular frame). To the contrary, our acquired value ofn' for
8422[2F3] is much smaller than theno values of conven-
tional Sm-A compounds. Once the surface-induced tilt layers
set in within the region I, the films become biaxial and the
above mentioned measurement technique is not applicable.

The small value ofn' may be due to 8422[2F3] possess-
ing one relatively long fluo-alkyl tail. In light of this obser-
vation, we have carried out similar measurements on another
liquid-crystal compound, FPP, which has a long fluo-alkyl
tail. Our measurements yieldedn'=no=1.413±0.001 which
is again larger than that for 8422[2F3]. The molecular struc-
ture of FPP is given in Fig. 1 also.

Based on our x-ray and NTE results and the published
results from electroclinic measurements[6], we propose the
following scenario for the molecular packing in the Sm-A
phase of 8422[2F3]. While in temperature region I, the de
Vries Sm-A picture may be applicable, the conventional
Sm-A arrangement prevails in temperature region II. There
exists crossover behavior characterizing a change in molecu-
lar packing nearT1.

To further examine the Sm-A–Sm-C* transition in this
compound, heat capacityCp has been measured with a high-
resolution ultralow frequency ac calorimeter[11]. Hermeti-
cally sealed gold cells that contained about 10–20 mg of
liquid-crystal sample were used. The temperature scan rate
was about 0.03 K/h in the transition region. No detectable
drift in the Sm-A–Sm-C* transition temperature was ob-
served, indicating the stability and high quality of the
sample. After subtracting sample cell contributions, a typical
temperature dependence of theCp data is shown in Fig. 4.
The dashed line in the figure shows the background heat
capacityCp (background), determined as a quadratic func-
tion of the temperature which joins the measured heat capac-
ity data smoothly at temperatures away fromTc on both sides
of the transition. In the vicinity ofTc, the heat capacity dis-
plays a large lambda-shape anomaly while no thermal signa-

ture can be detected nearT1. A significant feature is that the
anomaly accompanying the transition is almost symmetric
above and belowTc. A nonadiabatic scanning(NAS) mode
measurement[12] has also been made, which revealed a la-
tent heat at this transition, indicating that the transition is first
order[13]. In accordance with this, an anomalous increase in
the phase of the sample temperature response was observed
in the ac mode measurement. Based on the following obser-
vations, the first-order nature of the transition is very weak.
First, a significant pretransitional anomaly exists. Second,
the latent heat observed in the NAS mode is small, being
about 10 mJ/g, although this estimation is not so accurate
due to the existence of a pretransitional anomaly showing
almost divergent behavior. Third, the width of two-phase co-
existence region observed in the ac mode is narrow, only
about 16 mK.

The data of excess heat capacityCp obtained by subtract-
ing Cp (background) from Cp have been analyzed with the
following renormalization-group expression[14]:

DCp = sA±/adutu−as1 + D1
±utuz + D2

±utud + Bc. s1d

Here t=sT−Tcd /Tc and the superscript ± denote above and
below Tc. Because the first-order nature of the transition is
very weak, the use of Eq.s1d for the analysis of the present
data is justified as a starting trial function. The exponenta
was adjusted freely in the least-squares fitting procedure.
The correction-to-scaling exponentz is dependent on the
universality class, but has a theoretical value close to 0.5
f14g, and therefore was fixed at 0.5 here. The result of the
fitting is shown in Table I. Fits were made to the data over
several ranges, and the maximum value ofutu used in the fit,
denoted asutumax, is shown in the table. Forutumax=0.001 and
0.003, we seesad the value is close to the tricritical value
0.5 andsbd the D1

± values are unusually large. The former
point sad is reasonable because the transition is very
weakly first order and therefore close to a tricritical point
that corresponds to a border between second- and first-
order transitions. The latter pointsbd is partly related to
sad, and also to the first-order nature of the transition.
Since the transition is first order, the critical constant term

FIG. 3. C vs D obtained at 70.2°C from 87 films of 8422[2F3]
compound(diamonds) along with fitted results(open circles).

FIG. 4. Temperature dependence of heat capacity from
8422[2F3] sample. The data are acquired from the first cooling run.
The dashed line shows the background contribution to the heat
capacity.

EXPERIMENTAL INVESTIGATIONS OF ONE LIQUID-… PHYSICAL REVIEW E 69, 041702(2004)

041702-3



Bc need not be equal above and belowTc. This implies an
existence of a gapDBc at Tc, which is accounted for by the
first-order correction term, behaving almost a constant
term whena<0.5 andz<0.5. Allowing Bc to be different
for above and belowTc and omitting theD1 term yielded
adequate fits for smallutumax. For utumax=0.01, however, the
inclusion of theD2 term was necessary with unacceptably
large valuesD2

±=103. This suggests that the deviation
from the asymptotic critical behavior away fromTc is not
explained as corrections to the scaling, but rather a mani-
festation of a different critical behavior. Further data
analysis is in progress.

Three experimental probes have been used to obtain es-
sential information related to NLS behavior of 8422[2F3].

Both x-ray diffraction and ellipsometry results indicate the
existence of crossover behavior nearT1 from a conventional
Sm-A molecular packing to a de Vries Sm-A one. NearT1,
the sample does not show any thermal signature under our
high-resolution calorimetric studies. Meanwhile, our calori-
metric results reveal that the Sm-A–Sm-C* transition is
weakly first order. According to their electro-optical investi-
gations, the de Vries compound reported by Clarket al.has a
first-order Sm-A–Sm-C* transition[5].
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