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We report results of dielectric investigations on a number of ferroelectric liquid crystallinesFLCd com-
pounds with different degrees of layer shrinkage in the smectic-A*–smectic-C* phase transitions. With a
decreasing extent of layer shrinkage the investigated FLCs exhibit a significantly increasing soft-mode absorp-
tion, decreasing leading Landau coefficienta, and a considerably broader mean-field regime. We explain these
tendencies by the fact that the low layer shrinkage materials come closer to the diffuse cone model of de Vries
than to the common model of rigid rods which maintain their orientational order during tilting. In the case of
the diffuse cone model the tilt-angle fluctuations are decoupled from variations of the smectic layer spacing,
which explains the observed behavior.
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I. INTRODUCTION

Chiral liquid crystals possessing a smectic-C*sSm-C*d
phase are often called ferroelectric liquid crystalssFLCsd as
surface stabilization in thin cells leads to the appearance of a
macroscopic spontaneous polarizationPs in the Sm-C*

phase, which is switchable between two stable states +Ps and
−Ps f1g. When lowering the temperature below the transition
temperatureTC of the second-order smectic-A*sSm-A*d to
smectic-C* transition, the directorn continuously inclines
with decreasing temperature against the smectic layer normal
z. The resulting nonzero angleQ betweenn andz is a nec-
essary requirement for the occurrence of a spontaneous po-
larization in chiral smecticsf2g.

In common ferroelectric liquid crystals the inclination of
the optic axisQopt sthe optical tilt angled, which is generally
a good measure ofQ f3g, is connected to a significant shrink-
age of the smectic layer thicknessd. This is often explained
by a molecular tilt of the same magnitude as the optical tilt,
assuming the molecules behave as rigid rods. Using this ap-
proximation, the smectic layer spacingdC in Sm-C* de-
creases as

dC = dA cosQ < dA cosQopt s1d

compared to the smectic layer spacingdA in the Sm-A*

phase. The layer spacing in the Sm-C* phase thus becomes
temperature dependent through the temperature dependence
of the director tilt angle. Figure 1 schematically illustrates
the layer shrinkage due to the molecular tilt. However, mea-
surements ofd by means of small-angle x-ray scattering
sSAXSd and measurements ofQopt revealed that Eq.s1d does
not hold quantitatively for a broad variety of smectic liquid
crystals, as different materials show a varying degree of
shrinkage during the tilting transitionf4g.

When Dieleet al. f5g found a virtually temperature inde-
pendent layer spacing for a number of compounds in 1972
this stimulated academic interest only. But as it was recog-
nized that the main obstacle in the application of FLCs in

displays is the formation of so-called chevronsf6g, which are
induced by the competition between surface anchoring and
layer shrinkage, the interest in non-layer-shrinkage materials
increased significantly. Chevrons are folding instabilities of
the smectic layer structure and lead to zigzag defects at the
domain boundaries of different fold directions. These zigzag
defects degrade the brightness and contrast of FLC displays,
disadvantages that could be avoided by using non-layer-
shrinkage materials.

A nowadays widely accepted explanation of the absence
of layer shrinkage in some materials was first proposed by
the crystallographer de Vriesf7g, who proposedsbased on
the experimental data of Dieleet al.d, that the molecules in
Sm-A phases are already tilted, but in random directions.
This is supported by the fact that the orientational order pa-
rameterS2 in the Sm-A phase is well below unity, meaning
that the orientational order is far from being perfect. How-
ever, this molecular tilt does not lead to a macroscopically
observable tilt, as the molecules do not possess a long-range
order of thedirection of tilt. When reducing the temperature
below the critical temperatureTC the molecular tilting direc-
tions become ordered and a macroscopic optical tilt angle
Qopt.0 appears in the Sm-C phase, without any reduction of
the smectic layer spacing. A scheme of this de Vries-type
Sm-A* –Sm-C* transition is shown in Fig. 2.

In the rigid-rod approximation for common smectic liquid
crystals, director tilt-angle fluctuations are coupled to fluc-
tuations of the smectic layer spacing, whereas in non-layer-
shrinkage materialsswhich are nowadays often called de
Vries materialsd such fluctuations should have no influence
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FIG. 1. Difference between the smectic layer spacingdA in
Sm-A* sleftd phases anddC in Sm-C* srightd phases according to the
orientationally ordered rigid-rod approximation. When going from
Sm-A* to Sm-C* the layer spacing is reduced by a factor of cosQ.
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on d. The main motivation of the work presented here was to
investigate tilt-angle fluctuations of de Vries materials and to
compare them with those of common FLCs. According to the
fluctuation dissipation theoremf8,9g these fluctuations are
detected by the corresponding relaxation observed in dielec-
tric spectroscopy. To the best of the authors’ knowledge di-
electric investigations of de Vries materials were never car-
ried out in any systematic way before. As expected, major
differences were observed which could be explained by the
decoupling of tilt and layer spacing.

II. EXPERIMENT

The FLCs investigated were a semifluorinated phenylpy-
rimidine 8422f2F3g sin the following referred to as 3M FLCd
with a virtually constant layer spacingf4g, a homologous
series of hexyl lactatessnHLd where the extent of layer
shrinkage increased with the length of the alkyl chain, and a
commercial mixturesFelix 017/100d exhibiting layer shrink-
age. The de Vries material 3M FLC was provided by the 3M
Company, St. Paul, MN, and has the structure and phase
sequence shown in Fig. 3. The transition temperatures were
determined by differential scanning calorimetrysDSCd and
optical microscopyf4g. The homologousnHL seriessFig. 4d
with n=9,10,12 for the number of carbon atoms in the

alkoxy chain was synthesized by Kašparet al. f10g. Electro-
optical investigations and SAXS measurements for members
of thenHL series were previously published by Giesselmann
and co-workersf11,12g. The phase sequences for each
homolog, which were determined by DSC, are shown in
Table I.

As a regular FLC reference material we chose the FLC
mixture Felix 017/100sClariant, Frankfurt, Germanyd with a
phase sequence of

Cr ↔
−28 °C

Sm-C* ↔
73 °C

Sm-A* ↔
77 °C

N* ↔
85 °C

Iso.

SAXS measurements revealed a substantial layer shrink-
age of about 4.9% throughout theA* to C* transition. A
comparison of the relative layer shrinkagesdAC−dC/dAC of
all investigated compounds is found in Table II. The valuedC
is the smectic layer spacing in the Sm-C* phase 15 K below
the transition temperature,dAC the layer spacing at the
Sm-A* –Sm-C* transition. As it is seen from Table II the
degree of layer shrinkage in these materials increases accord-
ing to the series

3M FLC , 9HL , 10HL , Felix , 12HL.

For 3M FLC and Felix the temperature dependence of the
smectic layer spacing is illustrated in Fig. 5.

Samples of all these materials were filled by means of
capillary action into low-resistive polyimide-coated cellssfor
planar alignmentd with indium tin oxide electrodessMC2,
Chalmers University of Technology, Gothenburg, Swedend of
1.5 and 23.5mm cell gap with an active electrode area of
434 mm2.

A Hewlett-Packard impedance analyzer HP4192A was
used to measure the dielectric dispersions«8d and absorption
s«9d in the frequency range from 5 Hz to 13 MHz. The tem-
perature of the sample was regulated by a Novotherm tem-
perature controllersNovocontrol, Hundsangen, Germanyd
with a resolution of 0.1 °C.

FIG. 2. de Vries model for explaining how the Sm-A* layer
spacingdA sleftd can be equal to the Sm-C* spacingdC srightd. In
the Sm-A* phase the molecules are already inclined, but as the
tilting direction is random, the directorn is parallel to the smectic
layer normalz, resulting in a vanishing macroscopic tilt angleQ
=0. When decreasing the temperature below the critical temperature
of the Sm-A* –Sm-C* transition, the directional distribution is or-
dered, producing a directorn that is no longer parallel to the smec-
tic layer normalz, but inclined by a macroscopic tilt angleQ.0.
For simplicity, the cone is drawn with only one value of molecular
tilt which is definitely not the case in reality. Indeed, the name of
this model, the “diffuse cone model,” reflects the large fluctuations
in molecular tilt.

FIG. 3. Structure and phase sequence of the ferroelectric liquid
crystal 3M FLC. The chiral center is indicated by a star.

FIG. 4. Structure of the homologous series of ferroelectric liquid
crystalsnHL with n=9,10,12. The transition temperatures are listed
in Table I.

TABLE I. Phase sequence of the homologous seriesnHL ob-
served by differential scanning calorimetry. Transition temperatures
in °C.

Cr–Sm-C* Sm-C* –Sm-A* Sm A* – iso

9HL 40 64 138

10HL 50 85 133

12HL 50 102 126
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III. RESULTS AND DISCUSSION

A. Soft-mode absorption

The dielectric absorption spectra«9sf ,Td of 3M FLC,
9HL, and Felix obtained in thin cellss1.5 mmd and in the
absence of any dc-bias voltage are depicted in Fig. 6. Com-
paring these spectra, one can easily see a significant differ-
ence in the absolute values of the dielectric absorption at the
transition temperature. The collective mode appearing
around the Sm-A* –Sm-C* transition temperature is the so-
called soft mode and corresponds to fluctuations of the tilt
angleselectroclinic effectd. We will restrict ourselves to con-
siderations of the soft mode, as we are mainly interested in
fluctuations of the tilt angle. The Goldstone mode, the sec-
ond collective mode, which is active in the Sm-C* phase
only, is influenced by effects like surface anchoring which
can hardly be quantified. The soft-mode absorption for the de
Vries materials reaches values of approximately«9=35.6
s3M FLCd and 17.9 s9HLd and is even larger than the
Goldstone-mode absorption. Despite the fact that in these
small cells the Goldstone mode is suppressed by surface ef-
fects, this is still a very rarely observed feature. In clear
contrast, the soft mode of the mixture Felix is not visible as
it is covered by the Goldstone mode. Hence«9 due to the
soft-mode absorption in Felix has to be smaller than 3. For
10HL and 12HL the Goldstone mode was also dominating,
so that the soft-mode absorption could not be distinguished
from the Goldstone mode.

Since the suppression of the Goldstone-mode absorption
by an additionally applied dc-bias field is far more effective
than the suppression of the soft-mode absorptionf13g, one
can easily make the soft mode visible by applying such a
field. The next series of measurements presented in Fig. 7 are
the dielectric absorption spectra for 3M FLC, 9HL, and Felix
under an applied dc bias of 3.5 Vsover 1.5mmd. The dielec-
tric susceptibilitiesxs of the soft modes corresponding to

approximately twice the maximum absorption«9 are listed in
Table III. The fitting procedure to obtainxs is explained in
Sec. III B. Selected examples of measurements atT=TC are
depicted in Fig. 8.

In order to reduce surface effects, measurements were re-
peated in 23.5mm thick cells. For a dc bias of 10 V we
obtain the fitted soft-mode dielectric susceptibilitiesxs listed
in the bottom of Table III. These measurements yield the
same series of decreasing dielectric soft-mode absorption
like those for the thin cells:

3M FLC @ 9HL . 12HL . 10HL . Felix.

Except for the position of 12HLswhich has a higher soft-
mode absorption than expected, a fact that can be explained
in part by its large spontaneous polarizationd this is the same
series as for the increasing extent of Sm-C* layer shrinkage.
The typical de Vries materials thus exhibit the largest soft-
mode absorptions. The exceptionally strong soft-mode fluc-
tuations of de Vries materials correspond to the recent inves-
tigations of Huanget al. f14g, who found pronounced critical
fluctuations at theA* -C* transition of 3M FLC in calorimet-
ric experiments.

This correlation can be explained by considering that the
major part of the restoring force to the tilt-angle fluctuations
ssoft-mode fluctuationsd generally should be the elastic en-
ergy associated with tilt-induced changes of the smectic layer
spacing. The smaller the smectic layer shrinkage in these
materials, the smaller the elastic energy needed to change the
director tilt and, consequently, the smaller the restoring force
to the tilt-angle fluctuations. In other words, the weaker the
coupling between tilt and layer spacing, the stronger the soft-
mode absorption.

B. Curie-Weiss regime

In order to come to a more quantified description of the
soft-mode behavior we analyzed the experimental data by
means of the Cole-Colef15g equation

«*svd = ssvd + «` + o
k=1

n
xk

1 + sivtkdak
s2d

where«*svd=«8+ i«9 is the complex dielectric permittivity,
and n denotes the number of modes that contribute to the
spectrum in the investigated frequency range. Each modek is

TABLE II. Summary of the relative layer shrinkagesdC

−dACd /dAC of the ferroelectric liquid crystals investigated. The
valuedC is the layer spacing 15 K below theA* -C* transition tem-
perature,dAC the layer spacing at the transition temperature.

3M FLC 9HL 10HL Felix 12HL

sdAC−dCd

dAC

0.5% 1.8% 3.4% 4.9% 6.4%

FIG. 5. Temperature dependence of the reduced smectic layer
spacingd/dAC of 3M FLC sfilled symbolsd and Felixsempty sym-
bolsd obtained by small-angle x-ray scatteringsSAXSd wheredAC is
the smectic layer spacing at the Sm-A* –Sm-C* transition. 3M FLC
exhibits a virtually constant layer thickness throughout the transi-
tion. For Felix the layer spacing decreases significantly with tem-
perature. SAXS data for 3M FLC reproduced fromf4g.
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characterized by itssstaticd dielectric susceptibilityxk,
1 dis-

tribution parameterak, and relaxation timetk=1/s2pfkd,
with fk being the maximum-absorption frequency of the
mode. The angular frequency of the applied field isv=2pf,
«` is the high-frequency permittivity, andssvd is a term
related to the dc conductivity of the sample. The introduction
of an asymmetric distribution parametersas in the Havriliak-
Negami equationf16gd was not necessary to fit the equation
to the experimental data. Based on about 3500 single fits we
obtained the soft-mode susceptibilityxs, absorption fre-

quencyfs, and distribution parameteras for any given mate-
rial, dc-bias field, and each temperature measured.

As a basic result of mean-field theory the susceptibilityx
of order-parameter fluctuations around a second-order transi-
tion point TC slike the soft-mode susceptibilityxs in our
cased diverges according to

x =
1

msT − TCd
, s3d

wherem is a constant. The plot of the reciprocal dielectric
susceptibility 1/xs as a function of the difference between
temperature and transition temperatureT−TC is the so-called
Curie-Weiss plot, the transition temperature being the Curie
point. Examples of the Curie-Weiss plots for 3M FLC, 9HL,
and Felix are shown in Fig. 9.

1Although the notation “dielectric incrementD«k” of the modes is
often used in the literature, we prefer to use the “mode susceptibil-
ity xk” in order to prevent mix-ups with the dielectric anisotropy
D«=«i−«'.

FIG. 6. Dielectric absorptions«9d spectra under a dc-bias field of 0 V over a sample thickness of 1.5mm in dependence on temperature
T and frequencyf. For 3M FLCsad the soft-mode absorption at the Sm-A* –Sm-C* transition temperature with a magnitude of,35 is larger
than the Goldstone-mode absorption in the Sm-C* phase even without an applied dc-bias field. For 9HLsbd the soft mode with a magnitude
of ,18 is as large as the Goldstone mode. For the common ferroelectric liquid crystals Felixscd the soft-mode absorption is too small to be
observed compared to the Goldstone-mode absorption.
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The ratios of the slopesmC* /mA* in these plotssas well as
in those for all other dc-bias fields for which the Cole-Cole
equation was fitted to the dielectric data in the same wayd are
in good accordance with the theoretical valuef13g of −2 over
a certain temperature range. This temperature range corre-

sponds to the mean-field regimesthe Curie-Weiss law is
valid in this regime onlyd characterized by

TC − T0 <
3b2

4ac
s4d

where T0 is the crossover temperature from mean-field to
tricritical behavior anda , b, andc are the coefficients from a
Landau expansion of the free energy densityg,

g = g0 +
1

2
asT − TCdQ2 +

1

4
bQ4 +

1

6
cQ6 + ¯ , s5d

with the tilt angleQ and a nonsingular termg0 in the free
energy corresponding to Sm-A* .

FIG. 7. Dielectric absorptions«9d spectra under a dc-bias field of 3.5 V over a sample thickness of 1.5mm in dependence on temperature
T and frequencyf. For 3M FLC sad the soft-mode absorption has still a magnitude of,14, and for 9HLsbd still ,9. Due due the stronger
suppression of the Goldstone mode, the soft-mode absorption becomes visible for Felixscd under the applied dc-bias field and has a
magnitude of,0.6. Please note the different scaling of the plot for 3M FLC.

TABLE III. Summary of the dielectric susceptibilities of the soft
modesxs of the ferroelectric liquid crystals investigated in 1.5mm
cells with an applied dc bias of 3.5 V and in 23.5mm cells with an
applied dc bias of 10 V at the respectiveA* -C* transition
temperatures.

3M FLC 9HL 10HL Felix 12HL

xs, d=1.5 mm 28.80 9.08 4.85 1.20 5.20

xs, d=23.5mm 64.93 24.01 8.18 0.30 17.05
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As one can see from Fig. 9 the Curie-Weiss regime is far
broader for 3M FLCs,22 Kd than for 9HLs,10 Kd, which
in turn has a much broader range than Felixs,4.5 Kd. This
again leads to the same series as that of decreasing extent of
layer shrinkage for these materials.

It should also be noted that the absolute values of the
slopes are significantly larger for Felix than for the de Vries
compounds. The reason for this is simply that Felix exhibits

a drastically weaker soft-mode absorption, as described in
Sec. III A. Therefore 1/xs as well as the temperature varia-
tions in 1/xs become large, which is reflected by a high
value ofmA* in Eq. s3d.

Assuming that the coefficientsb and c should be in the
same order of magnitude for all substances, a smaller value
of the leading Landau coefficienta for the materials with
smaller layer shrinkage should according to Eq.s4d lead to
the observed broadening of the Curie-Weiss regime in these
materials. This coefficient represents a measure of the ease of
changing the tilt angle by small external perturbations.
Physically speaking, our explanation of the larger dielectric
soft-mode absorption in the low-layer-shrinkage materials in
Sec. III A should indeed lead to a smaller coefficienta, as a
small restoring force to the tilt-angle fluctuations means that
changes in these fluctuations can easily be achieved by ex-
ternal perturbations.

C. The Landau coefficienta

Blinc and Zěkš f17g calculated the dielectric susceptibility

of the soft mode in Sm-A* phasesxs
A*

to

xs
A*

=
«0C

2x`
2

asT − TCd
s6d

where «0 is the dielectric permittivity of vacuum,x`=s«`

−1d, andC the coupling constant between tilt angle and po-
larization according to the equationsvalid for small tiltd

P = x`«0CQ + x`«0E. s7d

From Eq. s6d the slope of the Curie-Weiss plot in the
Sm-A* phase is obtained as

mA* =
a

«0C
2x`

2 . s8d

On the other hand, one can easily see from Eq.s7d that plot-
ting the polarizationP as a function of the tilt angleQ leads
to a slopemPQ of

mPQ = x`«0C. s9d

By insertingC2x`
2 from Eq. s9d into Eq. s8d one obtains the

following expression for the coefficienta:

a =
mA*mPQ

2

«0
. s10d

The slopesmA* were directly taken from the Curie-Weiss
plots and represent averages over all investigated dc-bias
fields. The polarization and tilt-angle data were provided by
3M f18g for 3M FLC and our group for 9HLf12g and Felix
f19g. The resulting values fora are shown in Table IV. The
data for 10HL and 12HL were not analyzed, as these com-
pounds have completely different spontaneous polarizations
Ps and bilinear coupling coefficientsC. Therefore, they are
difficult to compare to the other substances.

As expected, 3M FLC possesses the smallest coefficient
a, followed by 9HL. Felix contrasts with ana value that is
between 1 and 2 orders of magnitude larger. It has to be

FIG. 8. Dielectric absorption«9sfd at theA* -C* transition tem-
peratureTC of 3M FLC, 9HL, and Felix at 0sad and 3.5sbd V bias.
Note that the soft-mode absorption of Felix at log10 f <4.5 is about
2 orders of magnitude weaker than in the de Vries compounds 3M
FLC and 9HL.

TABLE IV. Slopes mPQ from the plot of polarization vs tilt
angle, values of the slopesmA* from the Curie-Weiss plots, and
resulting coefficientsa for 3M FLC, 9HL, and Felix. In the case of
3M FLC and 9HLmA* is basically independent of the electric bias
field applied, whereas for FelixmA* varies between 4.6 K−1 sat
3.3 MV m−1 biasd and 3.2 K−1 sat 4.7 MV m−1 biasd.

Liquid crystal
mPQ

snC cm−2d
mA*

sK−1d
a

skN m−2 K−1d

3M FLC 185 0.024 9.4

9HL 201 0.039 18

Felix 100 3.2–4.6 430
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stressed that the method used to evaluatea is an estimation,
not an exact calculation, due to the uncertainties in the cal-
culation of the slope from the polarization and tilt-angle data.
However, these estimates lend strong support to the idea of a
weaker coupling between changes of the tilt angle and
changes of the smectic layer spacing in de Vries materials as
the cause for the observed differences compared to regular
ferroelectric liquid crystals.

IV. CONCLUSION

We have shown for the investigated FLCs that with a
decreasing extent of layer shrinkage the dielectric soft-mode
absorption significantly increases, the leading Landau coeffi-
cient a decreases and, therefore, the mean-field regime in
which the Curie-Weiss law applies becomes considerably
broader.

This was explained by the fact, that for materials with a
lower extent of layer shrinkage the tilt-angle fluctuations are
decoupled from variations of the smectic layer spacing.

These results, especially the fact that all the differences
are gradual tendencies correlated with the degree of layer
shrinkage, indicate that the two existing models to explain
the behavior of the smectic layer spacing at the phase tran-
sition are idealized borderline cases and that the behavior of
ferroelectric liquid crystals which is observed in reality can
be explained to a greater or lesser extent by a combination of
both models.
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FIG. 9. Curie-Weiss plots of the reciprocal dielectric soft-mode susceptibility 1/xs vs difference between temperature and transition
temperatureT−TC. For 3M FLC sad the temperature range in which the Curie-Weiss law is validsmean-field regimed is far broader
s,22 Kd than for 9HL sbd s,10 Kd and Felixscd s,4.5 Kd. All ratios of the slope in the Sm-C* phase to the slope in the Sm-A* phase
mC* /mA* sad −2.0, sbd −2.1, andscd −1.7 are in good accordance with the theoretical value of −2. The weak soft-mode response in the case
of Felix leads to considerable deviations from the Curie-Weiss behavior as well as increased scattering in comparison to the data obtained
for the de Vries compounds.
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