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SmecticA* —smecticC* transition in a ferroelectric liquid crystal
without smectic layer shrinkage
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The smectic layer spacing of a nonfluorinated ferroelectric liquid cryBiaC) compound with almost no
shrinkage and only minor tendency to form zigzag defects was characterized by small angle x-ray diffraction.
The material lacks a nematic phase. The smektiesmecticC* phase transition was studied by measuring
the thermal and electric field response of the optical tilt and the electric polarization. These properties are
described very well by a Landau expansion even without introduction of a higher-@fttarm. This result
suggests a pure second-order phase transition far from tricriticality and differs considerably from the typical
behavior of theA*-C* transition in most FLC material§S1063-651X99)01907-§

PACS numbgs): 61.30-v, 64.70.Md, 77.80.Bh, 77.84.Nh

[. INTRODUCTION tails, or by changes in the interdigitation of molecules in
adjacent smectic layers. Recently, these assumptions were
In most ferroelectric liquid crystaléFLC’s), the molecu- supported by dielectric investigatiof§]. A more elaborate
lar tilt ® implies a shrinkage of the smectic layer spacingtreatment of nonchevron structures can be found in Ff.
beginning at the smectié* —smecticC* phase transition Recently, a new series of ferroelectric liquid crystals with
(A*-C* transition and leading to the formation of chevrons three ester linkages in the mesogenic core and)Hactic
which are a folding instability of the smectic layer structure cid ester as chiral unit has been synthes[zddDue to the
where domains of opposite fold direction are separated byﬁtroduc'uon of four ester linkages, an increased molecular
zigzag defectgFig. 1) [1]. The zigzag defects and the re- Smectic layer spacing: ’
duced effective switching angle in the chevron configuration _shrinkage
considerably degrade the quality of surface stabilized ferro-
electric liquid crystal(SSFLQ devices. A promising ap-
proach to avoid these problems is to select smectic-
(Sm-C*) materials without smectic layer shrinkage. Since
1989, naphtalene-based liquid cryst?3 and partially flu-
orinated phenylbenzoaté8] were reported to exhibit little
or no shrinkage of the smectic layer spacing in the smectic-
C* state. These materials are of great interest for the appli-
cation in future SSFLC devices. substrates
From the scientific point of view, the existence of
smectic€ materials without smectic layer shrinkage con-
cerns the old question of understanding the meaning of the
director tilt ® in terms of any molecular model. So far, ba-
sically two models may be contemplated: The first mecha- Sm-A*: Sm-C*:
nism proposed by de Vries in 1974] assumes the mol- bookshelf chevron
ecmes, to be tilted both in th,e smectitSmL) qnd ,in th.e FIG. 1. In a regular smecti&* —smectic€* material, the direc-
smecticA (Sm-A) state. While the molecular tilt direction o, it @ induces a shrinkage of the smectic layer spacing begin-
is randomly distributed in the uniaxial Sr-state, it be-  ning at the transition into the S@# phase, here illustrated in the
comes ordered below the-C transition, leading to the biax- extreme case of rigid rodlike molecules. In the surface stabilized
ial Sm-C state with the optic axigdirectoy tilted with re-  state, a SmA* sample with bookshelf configuration of the smectic
spect to the smectic layer plane. The second model proposegsers transforms into a chevron configuration when entering the
a compensation of the smectic layer reduction by conformasm-C* phase; conserving the anchoring of the ®h-state, the
tional changes of the molecule, i.e., by an ordering of flexshrinkage involves a folding of the smectic layers. Opposite fold
ible alkyl directions are separated by zigzag defects.

Layer configuration:

smectic layers zigzag defect
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flexibility may be expected for these compounds. Indeed, a 44 T T T T T T T
number of them show pronounced anomalies of the smectic-

C* layer spacing and minor tendency to form chevrons and

zigzag defects. In this paper, we will focus on the character- 4.3
istics of the smectid*-C* transition for one of these com-

pounds and ask whether the thermodynamics ofAheC*

transition without smectic layer shrinkage differ from the 4.2

d observed
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regular case. In order to clarify this question, the Landau g ]
expansion coefficients which, in the mean field limit, char- & 4
acterize the material properties were experimentally deter- = 44 -
mined and compared to values of a conventional FLC mate- .
rial. ]
4.0 —

IIl. EXPERIMENT expected from .
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FIG. 2. Smectic layer spacingjas measured in the SA* and
Sm-C* phases of 9HL by x-ray diffraction. The solid line corre-
sponds to the rigid rod value estimated from the optical tilt agle
abbrevated as 9HL if7]. This nonfluorinated compound by dc=d, cos®. Error bars indicate an experimental accuracy of
lacks a nematic phase. In a;dm liquid crystal cell(EHC +1 channel number of the electronic detector.
Co. Ltd., Tokyo, Japanwith ITO electrodes and parallel
rubbed polyimide coating the phase transition temperatur
were observed to be

eslightly decreases from~4.25 nm to 4.05 nm. At lower
temperatures the SB?* layer spacing remains even constant
atd~4.05 nm instead of a decreasing smectic layer spacing
Cry &S Sm-C* &3 Sm-A* &S 1 as expected from the optical ti® in the regular casésolid
line in Fig. 2.

The smectic |ayer spacing was measured by small ang|e The results of polarization and optical tilt measurements
x-ray diffraction using CUK, radiation, a Kratky-compact are plotted in Figs. 4 and 5, respectively. The polarizakon
camera, and a one-dimensional electronic detgdloBraun IS almost linearily coupled to the til (Fig. 4), indicating
GmbH, Garching, Germany only minor importance of biquadratic coupling effects for

The Landau expansion coefficients are experimentally ac®HL. The optical tilt angle® (Fig. 5 reflects a typical
cessible by measuring the thermal and electric field respongi€cond-order phase transition and strongly depends on the
of the SmE* order parametergtilt ®, polarizationP) as electric field strength, illustrating the electroclinic effect
shown in Ref[8], where theoretical considerations, experi-[10]. Due to the large electroclinic coefficient, the second-
mental techniques, and the data evaluation are describe@fderA*-C* transition in 9HL is considerably smoothed out
The measurements on 9HL were performed on heating H] an electric f|e|d, even at the lowest field amplitude applled
well-aligned sample in the vicinity of tha*-C* transition (1 V um *in Fig. 5. o
(—8 K<T—-Tr<+4 K). At every temperature selected, Both the polarization-tilt couplingFig. 4) and the thermal
tilt angles® were measured by electro-optical switching at2nd electric field response of the optical thig. 5), are well
four different amplitude€€=1, 2, 3, and 4 MV m? of an described by the generalized Landau expansion of the smec-
electric square wave field with a frequency of 108 Hz. Thelic A*-C* transition (solid lines in Figs. 4 and)5 In the
total polarizationP was determined by its reversal current framework of this Landau model proposed b?kz”? 1984
using the same frequency and amplitudes of a triangulditd] the 'nonsmguli\r part of the free enerby is given in
wave. In order to exclude dispersion effef®, the electro- the vicinity of theA*-C* transition by a power series expan-
optic response was detected at an optical wavelength of Sion in terms of the primary®) and secgndarﬁP) order
=546 nm. After completing each tilt and polarization mea-Parameters, according to the SW1/Sm-C* symmetry in-

surements the temperature was increased to the next valug/arnants

Ill. RESULTS AND DISCUSSION

are shown in Fig. 2. They clearly indicate a pronounced
anomaly of the layer spacing remaining essentially constant
at the A*-C* transition: The SmA* spacing of about 4.25
nm fits well to a single molecular length of about 4.5—-4.6
nm, estimated from simple molecular modé#g. 3). In the FIG. 3. Simple molecular models of 9HL suggest a molecular
vicinity of the A*-C* transition the smectic layer spacing length of 4.5 — 4.6 nm, depending on the conformation assumed.
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100 1y T T T[T T T T T T T T T TABLE I. Landau expansion coefficients obtained for 9HL in
0 E comparison to reference values for FLC 6430. The valudg cdre
0 E o 1MV mj obtained by polarization microscopy ang is calculated byT.
= o 2MV m, = =T* — xeqC?%a [8].
80 24 3MVm s c
= v 4MVm' 7
70 =~ = 9HL FLC 6430
é; 60 ;— 3 T (K) 336.8 331.4
OO 50 f_ _f T (K) 335.0 330.5
= o ]
n, 40F E a (1 Im3K™ 11 45
30 B2 3 b (10° J m~3) 1.0 0.61
E = c(10°Im™d) ~0 10
20 £ -
10 E . 3 X 11.4 3.3
= | | | | | ] C@Avm 13.9 37
0 Pl ol I | L1411 11t 1 1111 i 110 1111 Q(loevmc_l) 9 49
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© (rad) troducing the coefficient€ and Q. The P%/2ys, term is

FIG. 4. Polarization P)-tilt (®) coupling in 9HL at various entropic in.origin, related tp the decrease in entropy_ due to
electric field strengthe. Solid lines depict the best fit according to polar ordering in the material. In the case of 9HL, as in most

4 -
the Landau model with coefficients listed in Table I. The zero fieldOther casegsee, e.g., Re{8]), the nP?/4 term is not neces-
polarization is indicated by the dotted line. sary to obtain a sufficient description of experimental data

and, hence, is omitted in the further treatment. The last term
in Eq. (1), finally, describes the contribution due to a nonzero
p2 electric field.
X€o While the Landau expansion relies on basic consider-
1 1 ations of symmetry and, hence, universally applies to any
- EQP2®2+ 2 nP*—PE. (1)  second-ordeA*-C* transition, the individual properties of a
certain FLC material are reflected by its Landau expansion
o coefficients, i.e.q, b, ¢, C, x, andQ in Eq. (1). Following
The treatment in Ref.8], these coefficients can be obtained
from a careful analysis of the tilt and polarization data de-
picted in Figs. 4 and 5. The Landau expansion coefficients
obtained for 9HL are listed in Table I. For reasons of com-
parison, coefficients are also listed for the FLC material FLC
6430 from Hoffmann-La Roche, Basle, Switzerland. The op-
tical tilt data for FLC 6430 are plotted in Fig. 6 to the same
scale as used for 9HL in Fig. 5. Data for FLC 6430 are taken
from Ref.[8].

1 1 1
f=fo=5a(T-T)O%+ ;bO%+ cO°~CPO+ 5

The first three terms represent the free energy of the n
chiral SmC phase with Landau coefficients b, andc. The
polarization-tilt coupling is reflected by the bilinear
(—CP®) and biquadratic £ QP?0?/2) coupling terms, in-

0~40III|II|]III|I[|IIIIII|||III

035 9HL, T.* = 336.8 K

030 o E Comparing 9HL to FLC 6430, the most striking differ-
095 F- e ence is that théd*-C* transition in 9HL can be described
= c ] over a temperature range of, at least, 1%ithoutconsider-
2 020 E ation of a sixth-order ternt®5/6 in Eq. (1), i.e., c=0 in
5’ - 3 Table I. Normally a large sixth-order term has to be intro-
0.15 ; duced reflecting the fact that th&* -C* transition in most
E ] FLC materials comes close to the tricritical transitja2,13]
0.10 &= - which defines the crossover from a second-order to a first-
E . order phase transitigri4]. With c~0, theA*-C* transition
0.05 ] in 9HL is a very pure second-order phase transition far from

: tricriticality. In this respect, the phase transition in 9HL dif-
000 boe i b b b b by fers considerably from most FLC materials.
6 -4 -2 0 2 4 Comparing Figs. 5 and 6, the difference in the phase tran-
sition between 9HL and FLC 6430 becomes obvious: Pass-
ing the A*-C* transition, the change in the optical tilt is
FIG. 5. SmecticA* —smecticC* transition in the studied FLC ~considerably larger for FLC 6430 and reflects the proximity
material without smectic |ayer shrinkage: opticaj tilt an@eof Of a firSt-Ol‘del‘ tl’anSition W|th a mUCh faSter Change in the t||t
9HL vs temperaturd at various electric field strenga Solid lines ~ as a function of temperature. The reverse is true for the tilt as
depict the best fit to the Landau model with coefficients listed ina function of the electric field: Except for the very close
Table I. The dotted line is the optical tilt at zero electric field, vicinity of the A*-C* transition it is seen that the electro-
extrapolated from the Landau model. clinic effect (the dependence of the tilt on the electric fjeld
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FIG. 6. SmecticA* —smectic€* transition in a regular FLC

material(from Ref.[8]): optical tilt angle® of FLC 6430 vs tem- FIG. 8. Electroclinic effect in a regular FLC mater{fiom Ref.
peratureT at various electr_lc field strength. For solid and dotted  [8]): optical tilt angle® of FLC 6430 vs electric field strength at
lines, see the caption to Fig. 5. various temperatures from—Tg=+1.75 K (lower curve to T

. . ) —T%=—3.25 K (upper curvg in intervals of —0.5 K. The solid
is much more pronoqnced in the case of 9tffigs. 5 and ¥ lines depict the best fit to the Landau model with coefficients listed
than for FLC 6430(Figs. 6 and 8 The same holds for the , Tape I.

nonlinearity of the electroclinic effedfFigs. 7 and 8 Both

observations are related to the smallcoefficient of 9HL (2) Very large electroclinic effectsmall ).
which is about one fourth of typical values, e.g., for FLC  (3) Second-order transition far from tricriticalitc{0).
6430(Table ). The first point can be explained by a model according to De

In conclusion, there are three basic results of this study/ries [4] as well as by changes in the molecular conforma-

concerning thed* -C* transition in the hexyl-lactate 9HL.  tion or packing. The second point is closely related to the
(1) Anomalous smectic layer spacirigo layer shrink- absence of the smectic layer shrinkage: the resistance to an

age. electroclinic tilt arises from the compression of the smectic
layers associated with the induced tilt. If there is no signifi-
cant change in the smectic layer spacing in spite of an in-

0-30 P LA LI L B L duced tilt, the electroclinic effect can be expected to be large.
F 9HL ] In addition the tilt can be performed without being accom-
0.25 — 7 panied by a striped defect pattditb]. Convenient materials
- for the application of the electroclinic effect should therefore
0.20 C be sought from those with little or no layer shrinkage. The

third point does not contradict the assumption of a De Vries
transition. As in a ferromagnetic material without space
quantization of the spin moments, the vectors pointing into
the tilt direction of the individual molecules can formally be
treated as spins undergoing a Langevin-like ordering below
the critical temperature. This leads to a second-order phase
transition[16].

Another point which may contribute to the anomaly in the
A*-C* transition of 9HL is the coupling between order pa-
2 rameters of succeeding phase transitions: due to the broad
000 0 i L v by Sm-A* phase in 9HL, the second-ordaf -C* transition is

0 1 2 3 4 well separated in temperature from the first-order smectic-

A*-isotropic transition. Therefore, order parameters such as
the nematicS, or the smectico are expected to be almost

FIG. 7. Electroclinic effect in the studied FLC material without constant in temperature and should not affect &feC*
smectic layer shrinkage: optical tilt angfe of 9HL vs electric field ~ transition in the case of 9HL. In most of the regular FLC
strengthE at various temperatures frof—T%=+4.35 K (lower ~ materials, theA*-C* transition is far less separated in tem-
curve to T—T¥=—4.15 K (upper curvgin intervals of—0.5 K. perature from first-order transitions and a coupling of various
The solid lines depict the best fit to the Landau model with coeffi-order parameters may superimpose effects from these transi-
cients listed in Table I. tions.
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