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Dielectric spectroscopy of de Vries-type smecti& —smecticC” transitions
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We report results of dielectric investigations on a number of ferroelectric liquid crystdfb€) com-
pounds with different degrees of layer shrinkage in the sméctismecticC™ phase transitions. With a
decreasing extent of layer shrinkage the investigated FLCs exhibit a significantly increasing soft-mode absorp-
tion, decreasing leading Landau coefficientand 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 displays is the formation of so-called chevr¢6% 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
fhe 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-

Chiral liquid crystals possessing a smedid¢Sm-C")
phase are often called ferroelectric liquid cryst@&Cs) as
surface stabilization in thin cells leads to the appearance of
macroscopic spontaneous polarizati®y in the Smc”
phase, which is switchable between two stable stazsamd
-P, [1]. When lowering the temperature below the transition
temperatureT of the second-order smecti{Sm-A") to shrinkage materials.

smecticC” transition, the directon continuously inclines A nowadays widely accepted explanation of the absence
with decreasing temperature against the smectic layer normg layer shrinkage in some materials was first proposed by

z. The resulf[ing nonzero angf@ betweemn andzis a nec- e crystallographer de Vrigg'], who proposedbased on

essary requirement for the occurrence of a spontaneous pfhe experimental data of Dielet al), that the molecules in

larization in chiral smecticg2]. o SmA phases are already tilted, but in random directions.
In common ferroelectric liquid crystals the inclination of 1ps s supported by the fact that the orientational order pa-

the optic axisO,, (the optical tilt anglg, which is generally g meters, in the SmA phase is well below unity, meaning
a good measure @ [3], is connected to a significant shrink- 4t the orientational order is far from being perfect. How-

age of the smectic layer thicknedsThis is often explained oyer this molecular tilt does not lead to a macroscopically
by a m_olecular tilt of the same magm_tu_de as the C_thlca_I tilt,ohservable tilt, as the molecules do not possess a long-range
assuming the molecules behave as rigid rods. Using this agjiqer of thedirection of tilt. When reducing the temperature
proximation, the smectic layer spacirg in SmC' de-  pejow the critical temperatufg. the molecular tilting direc-
creases as tions become ordered and a macroscopic optical tilt angle

dc = da c0SO = dj c0SO gy (1)  Oopr>0 appears in the Sr@-phase, without any reduction of

. o . the smectic layer spacing. A scheme of this de Vries-type

compared to the smectic layer spacidg in the SmA Sm-A"—Sm<C” transition is shown in Fig. 2.
phase. The layer spacing in the SInphase thus becomes  |n the rigid-rod approximation for common smectic liquid
temperature dependent through the temperature dependenggstals, director tilt-angle fluctuations are coupled to fluc-
of the dlrectpr tilt angle. Figure 1 Schem_atlcally |||UStrateStuati0ns of the smectic |ayer Spacing’ whereas in non_|ayer_
the layer shrinkage due to the molecular tilt. However, meashrinkage material§which are nowadays often called de

surements ofd by means of small-angle x-ray scattering vries materialp such fluctuations should have no influence
(SAXS) and measurements @, revealed that Eq(1) does

not hold quantitatively for a broad variety of smectic liquid
crystals, as different materials show a varying degree of
shrinkage during the tilting transitiot].

When Dieleet al.[5] 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

FIG. 1. Difference between the smectic layer spacihgin
Sm-A" (left) phases andc in Sm-C” (right) phases according to the
orientationally ordered rigid-rod approximation. When going from
*Electronic address: f.giesselmann@ipc.uni-stuttgart.de Sm-A" to SmC" the layer spacing is reduced by a factor of Gos
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FIG. 4. Structure of the homologous series of ferroelectric liquid
crystalsnHL with n=9,10,12. The transition temperatures are listed
in Table I.

(o]

alkoxy chain was synthesized by KaSgdaral. [10]. Electro-
optical investigations and SAXS measurements for members
of thenHL series were previously published by Giesselmann
and co-workers[11,17. The phase sequences for each

FIG. 2. de Vries model for explaining how the SWi-layer  homolog, which were determined by DSC, are shown in
spacingd, (left) can be equal to the Si@- spacingdc (right). In Table 1.
the SmA" phase the molecules are already inclined, but as the As a regular FLC reference material we chose the FLC
tilting direction is random, the directar is parallel to the smectic mixture Felix 017/10GClariant, Frankfurt, Germanywith a
layer normalz, resulting in a vanishing macroscopic tilt angle  phase sequence of
=0. When decreasing the temperature below the critical temperature
of the SmA"—Sm<C" transition, the directional distribution is or- X X X
dered, producing a directorthat is no longer parallel to the smec- Cr <&+ SmC < SmA < N « Iso.
tic layer normalz, but inclined by a macroscopic tilt ang@>0. "28°C e e 8stC
For simplicity, the cone is drawn with only one value of molecular  SAXS measurements revealed a substantial layer shrink-
tilt which is definitely not the case in reality. Indeed, the name ofage of about 4.9% throughout th& to C* transition. A
this model, the “diffuse cone model,” reflects the large fluctuationscompariSon of the relative layer shrinkagis-—dc/dac of
in molecular tilt. all investigated compounds is found in Table Il. The vadge

is the smectic layer spacing in the SPh-phase 15 K below

ond. The main motivation of the work presented here was tathe transition temperaturej,c the layer spacing at the
investigate tilt-angle fluctuations of de Vries materials and tosSm-A"—Sm<C” transition. As it is seen from Table Il the
compare them with those of common FLCs. According to thedegree of layer shrinkage in these materials increases accord-
fluctuation dissipation theorerf8,9] these fluctuations are ing to the series
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- 3M FLC < 9HL < 10HL < Felix < 12HL.
ried out in any systematic way before. As expected, major

differences were observed which could be explained by the:r 3\ FLC and Felix the temperature dependence of the
decoupling of tilt and layer spacing. 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 cefigr
Il EXPERIMENT planar alignmentwith indium tin oxide electrodesMC2,
The FLCs investigated were a semifluorinated phenylpy£halmers University of Technology, Gothenburg, Swedn
rimidine 84222F3] (in the following referred to as 3M FLC ~ 1.5 and 23.5um cell gap with an active electrode area of
with a virtually constant layer spacing!], a homologous 44 mnt. _
series of hexyl lactate$nHL) where the extent of layer ~ A Hewlett-Packard impedance analyzer HP4192A was
shrinkage increased with the length of the alkyl chain, and &!Sed to measure the dielectric dispersief) and absorption
commercial mixturgFelix 017/100 exhibiting layer shrink- (") in the frequency range from 5 Hz to 13 MHz. The tem-
age. The de Vries material 3M FLC was provided by the 3Mperature of the sample was regulated by a Novotherm tem-
Company, St. Paul, MN, and has the structure and phageerature controller(Novocontrol, Hundsangen, Germany
sequence shown in Fig. 3. The transition temperatures weith a resolution of 0.1 °C.
determined by differential scanning calorimetySC and

optical microscopy4]. The homologousHL series(Fig. 4) TABLE |. Phase sequence of the homologous senidk ob-
with n=9,10,12 for the number of carbon atoms in theserved by differential scanning calorimetry. Transition temperatures
in °C.
/O\ /0\ /\ . N= " * * *
C4Fy CoFy gz O e, 0‘®_<\ :/>—08H17 Cr—-SmC Sm-C —SmA SmA —iso
F K N
Cr 43 SmC* 64.5 SmA* 91 iso 9HL 40 64 138
10HL 50 85 133
FIG. 3. Structure and phase sequence of the ferroelectric liquid 1o 50 102 126

crystal 3M FLC. The chiral center is indicated by a star.
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1.02 TABLE 1l. Summary of the relative layer shrinkagé&dc
101 4 ; %ﬁw —dAC)/dA_C of the ferroel_ectric liquid crystrills *invest?g_ated. The
valuedc is the layer spacing 15 K below the -C" transition tem-
100 e 9%0g peraturedac the layer spacing at the transition temperature.
® % ¢ 000 0 o o oe
o ] o * BMFLC  9HL  10HL  Felix  12HL
Y o
S o (dac—do) 0.5% 1.8% 3.4% 4.9% 6.4%
0.97 - o° —dAC
0.96 - o °
0.95 1 o ° approximately twice the maximum absorptighare listed in
0.94 ° . . Table Ill. The fitting procedure to obtaigs is explained in
30 20 -10 0 10 Sec. lll B. Selected examples of measuremenfE=al. are
T-T¢ (K) depicted in Fig. 8.

In order to reduce surface effects, measurements were re-

FIG. 5. Temperature dependence of the reduced smectic laygreated in 23.5um thick cells. For a dc bias of 10 V we
spacingd/dac of 3M FLC (filled symbolg and Felix(empty sym-  obtain the fitted soft-mode dielectric susceptibilitigdisted
bols) obtained by small-angle x-ray scatterf@AXS) wheredacis  in the bottom of Table Ill. These measurements yield the
the smectic layer spacing at the Sin-Sm-C" transition. SM FLC  same series of decreasing dielectric soft-mode absorption
exhibits a virtually constant layer thickness throughout the transijjke those for the thin cells:
tion. For Felix the layer spacing decreases significantly with tem-
perature. SAXS data for 3M FLC reproduced frodj.

3M FLC > 9HL > 12HL > 10HL > Felix.
Ill. RESULTS AND DISCUSSION

Except for the position of 12HLwhich has a higher soft-
mode absorption than expected, a fact that can be explained

The dielectric absorption specti(f,T) of 3M FLC,  in part by its large spontaneous polarizajidiis is the same
9HL, and Felix obtained in thin cell&l.5 um) and in the  series as for the increasing extent of €nlayer shrinkage.
absence of any dc-bias voltage are depicted in Fig. 6. ConiFhe typical de Vries materials thus exhibit the largest soft-
paring these spectra, one can easily see a significant diffemode absorptions. The exceptionally strong soft-mode fluc-
ence in the absolute values of the dielectric absorption at thisations of de Vries materials correspond to the recent inves-
transition temperature. The collective mode appearingigations of Huanget al.[14], who found pronounced critical
around the SmA"—Sm-C" transition temperature is the so- fluctuations at the\*-C" transition of 3M FLC in calorimet-
called soft mode and corresponds to fluctuations of the tiltic experiments.
angle(electroclinic effect. We will restrict ourselves to con- This correlation can be explained by considering that the
siderations of the soft mode, as we are mainly interested imajor part of the restoring force to the tilt-angle fluctuations
fluctuations of the tilt angle. The Goldstone mode, the secfsoft-mode fluctuationsgenerally should be the elastic en-
ond collective mode, which is active in the SBA-phase  ergy associated with tilt-induced changes of the smectic layer
only, is influenced by effects like surface anchoring whichspacing. The smaller the smectic layer shrinkage in these
can hardly be quantified. The soft-mode absorption for the denaterials, the smaller the elastic energy needed to change the
Vries materials reaches values of approximately=35.6  director tilt and, consequently, the smaller the restoring force
(3M FLC) and 17.9(9HL) and is even larger than the to the tilt-angle fluctuations. In other words, the weaker the
Goldstone-mode absorption. Despite the fact that in theseoupling between tilt and layer spacing, the stronger the soft-
small cells the Goldstone mode is suppressed by surface afode absorption.
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. Hengedue to the B. Curie-Weiss regime
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 distinguishe
from the Goldstone mode.

Since the suppression of the Goldstone-mode absorption
by an additionally applied dc-bias field is far more effective . " Xk
than the suppression of the soft-mode absorpfid], one &'(w)=o(w) tet 2 m 2
can easily make the soft mode visible by applying such a k=l K
field. The next series of measurements presented in Fig. 7 are
the dielectric absorption spectra for 3M FLC, 9HL, and Felixwheree (w)=¢’ +ie” is the complex dielectric permittivity,
under an applied dc bias of 3.5(dver 1.5um). The dielec- andn denotes the number of modes that contribute to the
tric susceptibilitiesys of the soft modes corresponding to spectrum in the investigated frequency range. Each rkasle

A. Soft-mode absorption

In order to come to a more quantified description of the
anoft—mode behavior we analyzed the experimental data by
eans of the Cole-Colgl5] equation
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FIG. 6. Dielectric absorptiofe”) spectra under a dc-bias field of 0 V over a sample thickness ofith5n dependence on temperature
T and frequency. For 3M FLC(a) the soft-mode absorption at the Sih—Sm<C" transition temperature with a magnitude-e85 is larger
than the Goldstone-mode absorption in the Shphase even without an applied dc-bias field. For gb)Lthe soft mode with a magnitude
of ~18 is as large as the Goldstone mode. For the common ferroelectric liquid crystalédrétie soft-mode absorption is too small to be
observed compared to the Goldstone-mode absorption.

characterized by it¢statig dielectric susceptibility,\(k,l dis- quencyfg, and distribution parameter; for any given mate-
tribution parametere,, and relaxation timer,=1/(2%f,), rial, dc-bias field, and each temperature measured.

with f, being the maximum-absorption frequency of the As a basic result of mean-field theory the susceptibjlity
mode. The angular frequency of the applied fieldis27f,  of order-parameter fluctuations around a second-order transi-
£, is the high-frequency permittivity, and(w) is a term  tion point T¢ (like the soft-mode susceptibilitys in our
related to the dc conductivity of the sample. The introductioncase diverges according to

of an asymmetric distribution parameteass in the Havriliak- 1
Negami equatioffil6]) was not necessary to fit the equation X=———,
to the experimental data. Based on about 3500 single fits we m(T - Te)

obtained the soft-mode susceptibility;, absorption fre- \herem is a constant. The plot of the reciprocal dielectric
susceptibility 14 as a function of the difference between
YAlthough the notation “dielectric increment,” of the modes is ~ temperature and transition temperatilireT is the so-called
often used in the literature, we prefer to use the “mode susceptibilCurie-Weiss plot, the transition temperature being the Curie
ity x’ in order to prevent mix-ups with the dielectric anisotropy point. Examples of the Curie-Weiss plots for 3M FLC, 9HL,
Aeg=g|~¢,. and Felix are shown in Fig. 9.

3)
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FIG. 7. Dielectric absorptiofe”) spectra under a dc-bias field of 3.5 V over a sample thickness qgirh.fh dependence on temperature
T and frequencyf. For 3M FLC (a) the soft-mode absorption has still a magnitude-df4, and for 9HL(b) still ~9. Due due the stronger
suppression of the Goldstone mode, the soft-mode absorption becomes visible fofcfeinder the applied dc-bias field and has a
magnitude of~0.6. Please note the different scaling of the plot for 3M FLC.

The ratios of the slopasi/my+ in these plotgas well as  sponds to the mean-field regin{¢he Curie-Weiss law is
in those for all other dc-bias fields for which the Cole-Colevalid in this regime only characterized by
equation was fitted to the dielectric data in the same)\aag
in good accordance with the theoretical val@8] of —2 over 3p2
a certain temperature range. This temperature range corre- Te-To= dac (4)

TABLE Ill. Summary of the dielectric susceptibilities of the soft h T is th f field
modesys of the ferroelectric liquid crystals investigated in Jufn where T, Is the crossover temperature from mean-field to

cells with an applied dc bias of 3.5 VV and in 23 cells with an tricritical behavior andy, b, andc are the coefficients from a
applied dc bias of 10 V at the respecti®’-C* transiton ~Landau expansion of the free energy density
temperatures.

1 1,1
SMFLC OHL 10HL Felx 12HL g=0o+ 5a(T=T)O?+ b0+ 2O+ -, (5)

Xs d=15um 2880 908 485 120 520 _ _ _
Yo d=23.5um 64.93 2401 818 030 17.05 With the tilt angle® and a nonsingular terrg, in the free

energy corresponding to S-
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20 o MELC a drastically weaker soft-mode absorption, as described in
s OHL Sec. Il A. Therefore 1y as well as the temperature varia-
L5 A .0’”“‘., v Felix tions in 1/ys become large, which is reflected by a high
833083 %o value ofm,- in Eq. (3)
1 {S2EBReen®™ B, %o A et the coeffic -
8, o Assuming that the coefficients and c should be in the
% “a, %, same order of magnitude for all substances, a smaller value
& 037 B, AAAAAAA:;QBX! of the leading Landau coefficient for the materials with
00l Sanat AR smaller layer shrinkage should according to E). lead to
A v the observed broadening of the Curie-Weiss regime in these
g5 T vv"""Vvvavvvv materials. This coefficient represents a measure of the ease of
) v vvvv changing the tilt angle by small external perturbations.
11 “'vvvv ' ' ' Physically speaking, our explanation of the larger dielectric
2 3 4 5 6 7 soft-mode absorption in the low-layer-shrinkage materials in

Sec. Il A should indeed lead to a smaller coefficientas a

(@ log,,f . . .
%810 small restoring force to the tilt-angle fluctuations means that
L5 r— changes in these fluctuations can easily be achieved by ex-
[ ] .
5 OHT. LTI ternal perturbations.
104 v Felix °® °
[ ]
R :AA e, C. The Landau coefficienta
o A [ J

% 051%, 2 3 AAA ..'ggé‘ Blinc and Zk$[17] calculated the dielectric susceptibility
5y sznza"° AAA VZZ o] of the soft mode in S’ phases@ to
- L

0.0 o a, VZA 2 2

oo Sapnk? /\/% __8CNa (6)
v v v -
os{ 7, ST a(T-To)
VY v’ where g, is the dielectric permittivity of vacuumy.,=(e.,
v . .
-1.0 . - - - —-1), andC the coupling constant between tilt angle and po-
2 3 4 5 6 7 larization according to the equatigwalid for small tilt)

(b) log,,f

P = x.£0C0O + x..g0E. (7)
FIG. 8. Dielectric absorptior”(f) at theA™-C" transition tem-
peraturel: of 3M FLC, 9HL, and Felix at Ga) and 3.5(b) V bias.
Note that the soft-mode absorption of Felix atlgf~4.5 is about
2 orders of magnitude weaker than in the de Vries compounds 3M a
FLC and 9HL. My =—"57>-
80C X

As one can see from Fig. 9 the Curie-Weiss regime is fafon the other hand, one can easily see from [#gthat plot-
broader for 3M FLO~22 K) than for 9HL(~10 K), which  ting the polarizatiorP as a function of the tilt angl® leads
in turn has a much broader range than Fétd.5 K). This 0 @ slopempg of
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 th@y insertingC%y2 from Eq. (9) into Eq. (8) one obtains the
slopes are significantly larger for Felix than for the de Vriesfollowing expression for the coefficient:
compounds. The reason for this is simply that Felix exhibits

From Eg. (6) the slope of the Curie-Weiss plot in the
Sm-A" phase is obtained as

(8

Mpe = Xooeoc' (9)

2
mA*m ®
a=—7F9 (10)
TABLE IV. Slopes mpg from the plot of polarization vs tilt €0
angle, values of the slopes,: from the Curie-Weiss plots, and The slopesmy:

resulting coefficientsy for 3M FLC, 9HL, and Felix. In the case of . . i
3M FLC and 9HLmy+ is basically independent of the electric bias plots and represent averages over all investigated dc-bias

. . PO fields. The polarization and tilt-angle data were provided by
gesl,dMa\?ml—?d[;igvgh;Zaz ;oILlF(e;tm;A7 \@C?ns_lb;;v;een 461 (at 3M [18] for 3M FLC and our group for 9HIL12] and Felix

i i i ) [19]. The resulting values fow are shown in Table IV. The
data for 10HL and 12HL were not analyzed, as these com-

were directly taken from the Curie-Weiss

Mpe my [e%

i -2 21 2 -1 pounds have completely different spontaneous polarizations
Hauid crystal (n€ cm™) KD (kN w7 K™ Ps and bilinear coupling coefficient§. Therefore, they are
3M FLC 185 0.024 9.4 difficult to compare to the other substances.
9HL 201 0.039 18 As expected, 3M FLC possesses the smallest coefficient
Felix 100 32.46 430 a, followed by 9HL. Felix contrasts with aa value that is

between 1 and 2 orders of magnitude larger. It has to be
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FIG. 9. Curie-Weiss plots of the reciprocal dielectric soft-mode susceptibilifg ¥¢ difference between temperature and transition
temperatureT-Tc. For 3M FLC (a) the temperature range in which the Curie-Weiss law is véian-field regimeis far broader
(~22 K) than for 9HL(b) (~10 K) and Felix(c) (~4.5 K). All ratios of the slope in the Si&’ phase to the slope in the SAi-phase
me+ /My« (a) =2.0,(b) 2.1, and(c) —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.

stressed that the method used to evaluaig an estimation, This was explained by the fact, that for materials with a
not an exact calculation, due to the uncertainties in the callower extent of layer shrinkage the tilt-angle fluctuations are
culation of the slope from the polarization and tilt-angle datadecoupled from variations of the smectic layer spacing.
However, these estimates lend strong support to the idea of a These results, especially the fact that all the differences
weaker coupling between changes of the tilt angle andre gradual tendencies correlated with the degree of layer
changes of the smectic layer spacing in de Vries materials arinkage, indicate that the two existing models to explain

the cause for the observed differences compared to regulfi€ behavior of the smectic layer spacing at the phase tran-
ferroelectric liquid crystals. 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
IV. CONCLUSION both models.
We have shown for the investigated FLCs that with a ACKNOWLEDGEMENTS
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