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Optical and x-ray evidence of the “de Vries” Sm-A* —-Sm-C* transition in a non-layer-shrinkage
ferroelectric liquid crystal with very weak interlayer tilt correlation
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A non-layer-shrinkage fluorinated ferroelectric liquid crystal compound, @22, has been characterized
by means of optical, x-ray, and calorimetric methods. The orientational distribution within macroscopic vol-
umes, determined through wide-angle x-ray scattering and birefringence measurements, was found to be
identical in the SmA* and helical Sme* phases. Together with the absence of layer shrinkage, this consti-
tutes strong evidence that the second-order/8m-Sm-C* transition in this material is well described by the
diffuse cone model of de Vries. The absolute values of the layer spacing show that the molecules aggregate to
antiparallel pairs. The molecular interaction across the layer boundaries will then occur only between fluorine
atoms, leading to unusually weak interlayer tilt direction correlation. This explains the experimental observa-
tions of a very easily disturbed S@?* helix and a peculiar surface-stabilized texture. Tilt angle and birefrin-
gence values as a function of field and temperature have been evaluated in &fe &m-SmE* phases and
the results corroborate the conclusions from the x-ray investigations.
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[. INTRODUCTION have been identifiefi3—5], and these materials have there-
fore come to receive a substantial interest from industry as
The molecular origin of the optical tilt observed in SIn-  well as academia. An understanding of why such materials
liquid crystals has been an issue of debate ever since th#o not show a shrinkage of the layers at the 8-Sm-C*
discovery in the early 1970s that a compound exhibitingtransition, and why others do, is not only a key issue for the
Sm-A and SmE phases generally has a temperature dependevelopment of FLC and AFLC electro-optic devices, but it
dent tilt angle® [1]. In the last few years the question hasis also extremely interesting from a fundamental research
received renewed interest due to the recognition of its imporpoint of view.
tance in the manufacturing of high-quality electro-optic de- A number of models have been proposed to explain the
vices based on ferroelectric or antiferroelectric, i.e., chirainon-layer-shrinkagein this paper abbreviated NLSA-C
Sm-C* or SmC} , liquid crystals(FLCs, AFLCS. The main  transition, the three fundamental ideas of which are illus-
obstacle in the commercialization of such devices has turnetiated in Fig. 1. For explaining the common observation of a
out to be the problems related to the shrinking of the smecti&m-A layer spacing which is smaller than the length of the
layers which occurs at the transition from the orthogonalmaximally elongated molecules, Diekt al. [6] suggested
(director parallel to the layer normaSm-A* phase to the that the molecules exhibit a kinked conformation with their
tilted SmC* (or SmC?*) phase. As the layers are position- cores orthogonal but the end chains tilted in this phase. Bar-
ally anchored at the surfaces, they will then buckle in a chevtolino et al.[7] instead proposed the kinked conformation for
ron geometry which is the only one compatible with the newthe SmE phase, now with end chains orthogonal and the
combination of surface and bulk conditiof®y. Accompany-  cores tilted, assuming that the molecules are elongated and
ing the development of the chevron structure is the formatiororthogonal in the Sr# phase. Such a scheme cannot explain
of so-called “zig-zag” defects and a reduction in effective a constant layer spacing, but explains well the one which
optical tilt angle, effects which seriously degrade the qualityvaries much less than would be expected from the magnitude
of any electro-optic device. of the optical tilt angle. Combining these two models, assum-
The exact connection between director tilting and layering fluctuating tilted end chains in both phases, but with
thickness change is, however, still not fully understood, andlecreasing magnitude in S@i*, Buivydaset al. [8] con-
different materials show varying degree of shrinkage as a&tructed a constart
result of the tilting transition. In fact, a number of FLC ma-  The next idea, Fig. (b), regards the packing of the mol-
terials displaying virtually constant smectic layer spacidgs ecules and the nature of the layer interfaces. If one allows for
a relatively large degree of molecular interdigitation between
adjacent layers in the S#-phase, but not in the Si@-
*Also at Department of Microelectronics and Nanoscience,phase, a layer spacing not affected by the tilting of the mol-
Chalmers University of Technology, SE-412 96 Gothenburg,ecules may resulft9,10]. The last class of ideas, Fig(d,
Sweden. was initially presented by de Vrigd1-14 and Leadbetter
"Electronic address: giesselmann@pc.tu-clausthal.de [15]. The basis is simply the recognition that the nonperfect
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biased in SmC FIG. 2. Chemical constitution of the non-layer-shrinkage FLC

8427 2F3]. The lengthl of a single maximally extended molecule,
as well as that of an aggregate consisting of two antiparallelly ori-
ented molecules in this conformation, as suggested by Rieker and
Janulis[19,2Q for similar compounds, are also given.

FIG. 1. The three different model schemes proposed for explain
ing smecticA—smectic€ transitions without a decrease in layer
spacingd. For explanations, see text.

orientational order present in all liquid crystals will lead to a

nonzero mean square molecular tilt. The most prObabIe Oriby differential Scanning Ca|orimetr§DSC) and Optica| mi-
entation of the molecular long axis will not be along the croscopy on planar-aligned samples is

layer normal, but on the surface of a cone centered around

the layer normal, and de Vries therefore coined the term _ )

“diffuse cone model” for this description of smectic phases. crystal > Sm C* < Sm A* « isotropic.

The absence of a macroscopic optical tilt in ®nphase is 43.17c 645°C 9L0C

explained by a uniform distribution of the tilt directions. The

transition to a tilted phase can, in this model, occur simplyFor x-ray studies, the material was filled into Mark capillary
through an ordering of tilt directions, a process which wouldglass tubes of 0.7 mm diameter and for optical microscopy
not in itself produce any change th studies we used commercial planar-aligning célsH.C.

In this paper we present detailed optical and x-ray meaco. Ltd) with a cell gap of 2 um, or wedge-shaped cells
surements on an NLS ferr_oelectric liquid crystal exhibiting a(0.5-13 um cell gap described in detail in a previous paper
large electroclinic effect in the SvA* phase and analog, [21]. The rubbed polyimide alignment layers in our cells had
“ V-shaped,” electro-optic response with very low saturation, influence over the direction of the layer normal as the
field (1 V/um) in the SmE* phase. We estimate the ori- g ax |ayers formed on cooling from the isotropic liquid.
entatlgnal distribution function in the Sm.’ and helical Nylon alignment layers have better effect, but were not avail-
SmC* phases, and we thus_show th?t_ this is proba_\bly t_h%\ble at the time of our experiments. In order to achieve rea-
best example so iar <1f materials exhibiting the de Vries dlf'sonably uniform director orientation, a rather unconventional
fuse.cone modeh 'C, transition. The de Vries model has shearing technique was utilized. While cooling the sample
received much attention latelg.g., Refs[3,4,16-18), but ., thea* .C* transition with an ac field applied, the vibrat-
it is sometimes described in a slightly different manner. Inj, o snat of an electric toothbrush was pressed onto the outer
most modern. reports, it is the Sm phase Wh'.Ch IS T8 cell surface, inducing a shear-flow through which a uniform
garded as being unusual in de Vries type matenals..We W,'”alignment could be obtained. For cell gaps belowdn, the
however,.show that suph a stance can be ra.ther m'slead'nﬂasult was good enough to allow electro-optic measurements
and that it is the de Vries S* -SmC* transitionwhich microscope, using a 20 objective lens, a 238 photo-
should be regarded as truly unique in these compounds.  ,.jar |ens, and a photodiodELC Electronics. All optical
studies were carried out with the sample placed in an Instec
MK1 hot stage fitted to an Olympus BH-2 polarizing micro-

The chemical constitution of the material, code namedscope. The actual sample temperature was monitored with a
84242F3], is given in Fig. 2. The phase sequence obtainedT100 sensor inserted into the sample holder.

II. EXPERIMENT
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For the x-ray measurements, a &y-radiation source ' ' ' i ' e
was used. Small-angle scattering data from unaligipesiv- 77 W &
derlike) samples were obtained using a Kratky-compact cam- '
era(A. Paa) and a one-dimensional electronic detedidr I \/’

Braun, giving a measure ofl with a resolution better than T .

0.1 A in the range of interest. In order to measure the mo- o 60 6 68

lecular orientational distribution, we also used an imaging 2

plate system (Fuji BAS SR for recording the two- v

dimensional scattering patterns from aligned samples. Scat- I L

tering angles between#2-2° and 20~30° were covered. .

The fluorinated tails of 8422F3] unfortunately make it a /f(.z * g L_hf““ng
poorly scattering compound in the wide-angle regime, and ) , —o—— , -

the diffraction images are therefore not as intuitively descrip- 30 40 50 60 70 80 90 100 110

tive as for many other liquid crystals. Nevertheless, by
evacuating the camera and prolonging the x-ray illumination,
images good enough for quantitative analysis were obtained. FiG, 3. DSC thermogram on heating and on cooling
The sample was mounted on a brass block, the temperatugg K min~1) of 84242F3]. The insets show magnifications of the
of which was regulated by a Eurotherm temperature controlregion in which the second-order SBt—Sm-C* transition takes
ler, and kept in a 1 T magnetic field for alignment. place.
High-resolution measurements of the tilt an@leand bi-

refringenceAn were performed using a temperature scan-n such smectics was always of first order. Such a conclusion
ning technique, described in detail by Saipa and Giesselmanmould fit well with the conformational change modélig.
[22]. In brief, the method is based on monitoring of the 1(a)] which can hardly be imagined compatible with a con-
sample temperature and optical transmission with close timgnuous phase transition. Later on, however, reports of mate-
intervals and high resolution, while slowly heating or cooling rials with a second-ordek-C transition without layer shrink-
the sample throughout the mesophases at a constant rate. Tége appeare[B,4]. It is thus clear that one cannot make any
scan was repeated in four different measuring geometrieslirect connections between the order of the phase transition
crossed and parallel polarizers, and, for each case, layer naind the temperature dependencelof
mal z parallel and at 45° angle to the polarizer directjpn In Fig. 3, the DSC thermogram obtained for 8f223] is
With these four data sets, the transmittances between crossgdown. The very small-shaped singularity in the baseline,
polarizers, when the sample is oriented wittparallel to ~ ¢lose to 64°C, indicates a second-order-C* transition,
A 0 42 . .. which is confirmed by the optical measurements described in
p, 71, or at 45° top, 7, can be calculated. As the optical tilt . L

. : . L Sec. Il C. The compound should thus in the first instance be
angle# is a function of the quotient, /r,, and the birefrin-

. compared with other second-order transition NLS materials.
genceAn a function O.f the_sunﬁrl-f- 72 the_se parameters can Among these, the compound studied by Radclétel. [4],
now be gxtracted. Since it was !mpossmle to ach!eve a Pelgenoted 8/422, is an achiral smectic with a molecular struc-
fectly uniform and defect—free ahgnment, a slight light leak- ture very similar to that of 8422F3]. It turned out that the
age was me:asured even in the field-free B‘I‘nphgse when. key element in producing the NLS properties of 8/422 is the
the averagez was parallel to one of the polarizers. This fjyoroether tail. The core structure could be modified without
transmission value, which theoretically should be zero, Wagpsing the desired properties. The compound is thus in this
therefore subtracted_from all measurements. This methoﬁespect very different from the first-order transition NLS ma-
worked very well for tilt angles above 5° but for 6~0 the  terjals studied by Mochizukét al. [23], where the naphtha-
errors may have a larger effect, hence giving the values at thene component of the core structure is the essential building
very onset of tilt some uncertainty. Data were collected in they|ock. The other known second-order NLS material, 9HL
relaxed state as well as during switching. In the latter case, 3], is a nonfluorinated FLC belonging to a homologous se-
55.1 Hz square wave, supplied by a Hewlett-Packard 81164\jes where thed(T) behavior changes very much with end
function generator connected to a Krohn-Hite 7500 amplifie.rchain length, thus again indicating a large importance of the

a Nikon Coolpix digital camera replacing the photodiode. A

Perkin Elmer DSC 7 was used for calorimetric measure-
ments, on cooling and on heating at 5 K/min.

T (O

B. X-ray measurements
1. The smectic layer spacing

Ill. RESULTS AND DISCUSSION The layer spacing as a function of temperature, deter-
mined by small-angle x-ray scatteritf§AXS) from a non-
aligned sample, is given in Fig. 4. After a slight increase on
cooling through the Smv* phase,d decreased marginally
Most of the early NLS materials showed an unusuallyafter the transition to the Si@* phase. The decrease was
high transition enthalpy at the Sf&-Sm<C transition(e.g.,  very small: the minimum value, observed 15 K below the
Refs.[14,23)) and this led many to believe that the transition transition, was only 0.3 A less than the layer spacing mea-

A. Thermodynamics of the non-layer-shrinkage
Sm-A* -Sm-C* transition
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FIG. 4. Layer spacing of 8424 2F3] as a function of tempera-

ture T, as obtained from small-angle x-ray scatteri{8f\XS) mea-

surements on cooling through the Si- phase. Note that the

variation within the Sme* phase is only 0.3 A.

sured at the Sv* —Sm-C* transition. On further coolingl

again increased and at room temperature the value had ac
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L
d~3(S,+2), )

which in the limit S,—1 describes howd depends on the
orientational order paramet&. Equation(5) clearly shows
thatd equals the rod length in the case of perfect orienta-
tional order,S,=1, only. In any case of orientational disor-
der (S,<1) the smectic layer spacing is reduced in compari-
son to L. Since typical values of the orientational order
parameter in S liquid crystals are withinS,=0.7-0.8,
we have to expectl values that are 7-10% lower than
and, in fact, this reduction is actually observed for most
Sm-A materials.

According to Eq.(4), a SmA order parameter of5,
=0.8 corresponds to a root mean square inclination of
J(B?)=21° which clearly demonstrates that, even in a regu-
lar SmA phase, the rodlike molecules are substantially in-

clined with respect to the layer normal But as the rods
incline randomly towards all possible directions, the average

m_clination is zero and the directoris found to be parallel to

ally regained the value 38.7 A observed at the onset of op?:

tical tilt.

At the transition to the Sn@& phase, the directions of

Comparing with Fig. 2, we note that the layer spacing isinclination, ¢, become ordered, giving rise to a nonzero tilt

only marginally smaller than the lengthof the fully ex-

angled between the andz. As recognized by de Vries, this

tended moleculel-d<1 A). The usual relationship is that ordering in itself does not affe¢tosg) and thus the smectic

the layer spacing, also in a SA{A*) phase, is consider-

layer spacingd remains constant if the transition is com-

ably smaller thar [13]. We will have reason to return to this pletely described by this ordering process. In contrast to such
important observation in the following discussion of the ori-a “de Vries type” of transition, regulaA—C transitions are

entational order.

2. The orientational distribution

in addition connected to a further increase of average mo-
lecular inclination, reducingcosg) and, thereby, the smectic
layer spacingl. The de Vries type transition, which is prob-

An important aspect of de Vries’ work, which is today @bly best regarded as a limiting case in a spectrur-e€
often forgotten, was the recognition that the degree of orientfansition types, can thus easily be recognized by tracking
tational order has a significant impact on the layer spading the evolution of the orientational distribution functic@DF)

actually observed in a smectic liquid crystal. Let us considef (8) while cooling from SmA to SmC. If this remains un-

a smecticA liquid crystal consisting of orientationally disor-

dered rigid rods with length. In this cased is given by the
average

d=L(cosp), 1)

affected by the transition, the average molecular inclination
is constant and the transition must follow the de Vries
scenario.

We investigated (8) in the SmA* and SmE* phases of
8427 2F3] by wide-angle x-ray scatteringVAXS) experi-
ments on samples uniaxially aligned in a moderate magnetic

where 8 denotes the inclination angle between the rod andield (~1 T). Selected examples of the diffraction patterns
the smectic layer normal. The degree of inclination is usuallyare shown in Fig. 5. At small scattering angles, close to the

measured by thénematig orientational order parameter,

1

S;=5(3(co$p)-1). v
Expanding Eq(1) and Eq.(2) up to second-order terms j#

2
d%L(l—@'f‘"‘ , (3

2

3

S~1- 5(B+ - @

and eliminating(3%) we obtain

beam stop, the diffraction pattern of the aligned &n-
phaseg(left image, upper row in Fig.)sshows sharp first- and
second-ordefpseudo} Bragg peaks along the meridian, i.e.,
along the direction of the aligning fiel¢horizontal,q in Fig.

5). These peaks, which reflect the quasi-long-range posi-
tional smectic order, clearly show that the layers are well
aligned with their normals along the magnetic field.

At larger angles, corresponding to the periods of 4-5 A
typical of the transverse intermolecular spacing, a diffuse
scattering originating from the liquidlike intralayer correla-
tion is seen. Its intensity exhibits a directional modulation
reflecting the orientational order of the rodlike molecules in
the scattering volume with respect to the magnetic field di-

rection. Since the direction of the smectic layer norrmal
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FIG. 5. Upper row, x-ray diffraction patterns in the S¥i-(left) and SmE* (right) phases of 8442F3]. The magnetic field is oriented
horizontally (meridional directiop Since the scattering intensities in the small- and wide-angle regimes are very different, the layer spacing
peaks are reproduced with lower contrast in the insets. Lower row, the directional scatteringl pxdfilas obtained by radial integration
over the wide-angle regime in the diffraction patterns. The continuous curves are best fitg®ftBdhe experimental data obtained in the
Sm-A* phase.

coincides with the field direction, the intensity profiléx)  to be expected at a de Vries type transition from &tn-
(cf. Fig. 5 directly probesf(B), the orientational distribu- phase to helical SiG* phase. In SmA* phase we have
tion function of the rodlike molecules with respect to therodlike molecules tilted by a certain average anghk, all

layer normalz. possible tilt directionse being equally probable. At a de

As expected) (y) measured in the StA* phase exhib- Vries transition to SnE* phase () remains constant but
ited 2 maximum on the equatoq(, cf. Fig. 5. Much more  the direction of tilt becomes ordered. As we have a chiral

surprising was the observation that the diffraction pattern dldSmC phase, the preferred direction of tilt spirals helically
not change at all by cooling the sample into the G- along the direction of the smectic layer normal. During the

Cht P— Sm-C* experiments, we observed a brightly colored selec-
SVZZ?E:(;IEZL;H;%%SZ?S:& ;otvig elf::tgé)cl::) Ignscjhzi?gf r::?rzifo tive reflection from the sample, indicating the formation of

. . s A the helical SmE* superstructure. The selective reflection
tions, neither a splitting of the layer reflectigmdicating a from homeotropically aligned 8492F3] has been measured

t||t Of Z W|th the n ﬁxed in the ma.gnetic f|e|d dil’ecti()mor at 404 nm Wave'ength, Wh|Ch rough'y Corresponds to a he"_
a broadening along of the diffuse wide-angle maximum cal pitch of 270 nm(assuming an average index of refraction
(indicating a tilt ofn with z fixed in the magnetic field di- of 1.48. Integrated over a full pitch length, we therefore
rection was observed. The absence of change gives cleabserve, like in SrA*, all possible values ofp with the
evidence that the total orientational distribution of the mol-same probability. As long a&(8) remains unchanged, and
ecules in the scattering volume is not affected byAfieC* the helical pitch is smaller than the dimensions of the scat-
transition. While this is very difficult to explain with a model tering volume, the two configurations, ¥ and helical
where the molecules in the SA¥E phase are oriented paral- SmC*, cannot be distinguished by the x-ray experiment and
lel to the layer normal, such a scenario is actually just what ishus produce identical diffraction patterns.
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0.8 ‘ - the orientational distribution function determined for the
07t < f>=381deg | Sm-A* phase describes also the $fi-data. In Fig. 6 we
) < cosf > = 0.83 have plotted, instead of the actug|3) calculated according
0.6 Sp =056 1 to Eq. (7) with the fittedf,,, the more instructive orienta-
o 05 1 tional probability distribution functionf(g)sing, which di-
;ﬁ\ 04| 1 rectly gives the probability to find a rodlike molecule in-
3 clined by an angle betweef and 8+ dg. As directly seen
T 037 1 from the maximum in the curve, the most probable inclina-
0.2 1 tion angle of the molecules in the SAf- and SmE™* phases
o1l of 8424 2F3] is fairly high, about 25°.
’ With the distribution functiorf (8) sing in Fig. 6, we can
0.0 0 3‘0 6'0 %0 (numerically calculate any average or expectation valXg
of a certain property related to the probability distribution
B (deg) f(B) sing,
FIG. 6. The functionf(8) sin 8 as obtained by fitting Eq8) to 2
the experimental wide-angle scattering da(g,). The average mo- f Xf(B) sinpdg
lecular inclination{B), the average projection factgcosg), and B=0
the orientational order paramet8s=(P,(cosp)), calculated from (X)= wl2 ' ©)
f(B) sinB, are given in the inset. fﬁ 0f(,8) singdg

We investigated the orientational distribution function ) o
f(8) by a numerical analysis of the scattering profilg)  ith X=B we obtain the average inclination ang(g)
obtained for the Smiv* phase(left diagram, lower row in = 31° for the rodlike molecules in the SA® and Smc*
Fig. 5. In their classic papefl5], Leadbetteret al. derived ~ Phases of 8422F3]. In comparison to the general estima-

the following relation betweefi(8) and(x): ti_ons given at the beginning of this sgction., this _value i§ quite
high and points towards a substantial orientational disorder
=12 f(B) sinB seCy in the _smectic phases of this compqund. To confirm this ob-
I(x)= ——dp. (6) servation, we also calculated the orientational order param-
p=x JtarrB—tar'x eter S, by using Eq.(9) with X=(3 cogB—1)/2 and ob-

. 2 AN .
This equation provides an easy means of calculating the int-"]unec’SZ 0.56, a value 20-30% lower than the typiGal

EIPACH ; *
tensity profilel (x) resulting from a given orientational dis- 0.7-0.8 in ordinary S and SmA® phases.

o , ) With respect to the smectic layer spacithgnd its depen-
tribution f(/3), put in order to d(.) the opposite, extra&(tﬁ)_ dence on the orientational order, it is particularly interesting
from the experimentally determinédy), a difficult numeri-

: T i to calculate the projection factdcosp) in Eq. ( 1). Using
cal inversion is needed. In 1995, Davidson, Petermann, an g. (9) with X=cosp, we obtained(cosB)=0.83 for the

Levelut [24] presented a refined procedure that allowed & mA* and SmC* phases of 8472F3)], showing thatd is
simpler and more direct evaluation &g). Instead of ex- about 17% reduced with respect to t'he rigid-rod lenigth

pand.in.g the ODF_in a series of Legendre .polyn.omials, th(?Nith d=38.7 A, taken from the SAXS experiments, we es-
coefficients of which correspond to the orientational OrdertimatedL:d/(cosﬂ)~47 A. In the simplest casé, com-

parameters,,S,, . ..., they proposed an expansion in terms pares to the length of the single extended mesogenic mol-

of cos™ functions, ecule in the smectic phase, but as this length in the present
B case is onlyi=39.4 A (cf. Fig. 2, our L=47 A strongly
f(B)= > fy,co"B. (7)  suggests that the smectic layers in this compound are instead
n=0 built up of aggregates of more than one molecule. Rieker and
o ) ] ~Janulis[19,20 have studied semifluorinated liquid crystals
They then showed that the resulting intensity profile derivedynich in many respects resemble 8f2%3] and presented
from Eq. (7) is also described by a series of €otunctions experimental evidence that the molecules form aggregates
involving the samef such that the fluorinated chain of one molecule pairs with the
nonfluorinated one of its neighbor. Such an aggregate will
for the case of 8442F3] have a length in the range 47—
48 A (cf. Fig. 2, the exact value depending on the details of
the aggregate geometry, fitting very well with our experi-
Hence, by fitting Eq(8) to the experimental scattering pro- mentally determined value df. If and how this strong pair
file I(x), with the f,, being the parameters to fit(8) can  correlation contributes to the absence of smectic layer
directly be calculated by inserting the fittégl, into the ex-  shrinkage was not conclusively clarified. We will return to
pansion in Eq(7). this point when we discuss the interlayer correlations in Sec.
The best fit of Eq(8) to the SmA* data of 8422F3]is Il D.
shown as a solid line in Fig. 5. The curve is actually drawn in  To conclude this section, let us summarize the three basic
both lower diagrams in order to clearly illustrate how well results following from the WAXS experiments.

n

” 2"n!
I(x)= nzo fznmcos‘znx- 8
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FIG. 8. Optical tilt angled (a) and birefringenceAn (b), as a
function of temperaturd, measured in a 2um sample in the vir-

gin surface-stabilized state (0.0 Wh) and for four different am-
plitudes of an electric field applied to the sample.

The structural unit that builds up the smectic layers
is probably an aggregate of two antiparallel 8423
molecules.

C. The birefringence and optical tilt

An investigation of the sample texture as a function of
temperature and cell gap gave clear evidence of several
FIG. 7. Textures at 8.5um cell gap during a cooling sequence unique properties of the studied compound. In Fig. 7, the
from SmA*: (a) SmA*, (b) SmC* just below the phase transition, texture at 8.5um cell gap during cooling from the Si*
(c) SmC*. In the main images, the sample is aligned with respecfphase is shown. The Sh* texture, Fig. 7a), had a first-
to the polarizers such that the vertical domain along the left imaggyrder pink birefringence color. Directly after the phase tran-
border is black in the S/&* phase, i.e., in this domain the layers sition, Fig. 1b), a quasiperiodic modulation along the layer
are (on the averagehorizontal. In the inset ofc), the sample has normal appeared, revealing that the liquid crystal tried to
been rotgtgq to the ne\(v extinction orientation of this domain, 19'5°adopt a helical structure. While the helix developed fairly
from the initial orientation. well in some areas, others were clearly nonhelical, i.e., in
Compared to ordinary Sm- and SmA* phases, the these areas the sample was surface-stabilized. On further

SmA* phase of 84242F3] exhibits unusually low orienta- cooling, the helix was expelled in more and more regions,
tional order. In the rigid-rod approximation, the moleculesleaving only a few domains with the optic axis along the
are, on average, inclined by about 30° with respect to théexture at 50 °Q(c).
smectic layer normal. A most interesting observation was that the color of the
The orientational distribution found in the SAt- phase helical regions was very similar to that of the Sxii-texture,
remains basically unchanged during the transition to helicain contrast to the surface-stabilized regions which were first
Sm-C* phase. Since there is actually no further increase irdark blue close to the transition, then turned cyan at lower
the molecular inclination observed, the transition to Sf- temperatures. In other words, the birefringerke of the
phase is of the de Vries type. helical SmEC* state was approximately the same as in
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FIG. 9. BirefringenceAn as a function of tilté, plotted for
several different values of the applied field. All curves essentially

fall on a universal functional line, a behavior which is expected
from a diffuse cone modeA* -C* material[16].

Sm-A* while that of the uniform one was considerably
higher. This is quite different from what one expects to see at
a SmA* —-Sm<C* transition, in which case the spacial aver-
aging of the optical properties, resulting from the helix for-
mation, radically decreasesn in the helical statésee, e.g.,
Ref.[25]). In the surface-stabilized state, one may expect a
very small increase aln also in regular Sn€* materials,
due to the transition from a uniaxial to a biaxial state, but the
magnitude of this change is far too small to explain the ob-
served color change, see, e.g., R¢®6,27]. On the other
hand, the observed behavior fits very well with the de Vries
type SmA* -Sm-<C* transition. As this is a transition from
random to ordered molecular tilt, an increased effective
must be expected as the optical tilt increases from zero in
nonhelical SmE* samples. But if the helix develops, the
periodic modulation ing has the same averaging effect as
the SmA* random tilt direction ordefassuming a helical FIG. 10. The peculiar type of ferroelectric domains appearing in
pitch as in the present case, i.e;-0.5 um), leading to  the surface-stabilized state of 842E3], observed for the Sra*
identical birefringence and optic axis direction as in thisphase at 5um cell gap in the polarizing microscope. The white
phase. crosses indicate the orientation of the polarizer cross.

Using the temperature scanning technique described in
Sec. Il, these observations could be verified on a quantitativeured in the absence of field signifies that the virgin surface-
level, as visualized in Fig. 8 for a Zum sample. The stabilized structure at low cell gap exhibits inhomogeneities
second-order nature of the S&f-—Sm-C* transition is on a scale smaller than the optical resolution, resulting in a
clearly seen in both diagrams, displaying the temperature ancertain averaging of the ordinary and extraordinary refractive
field dependence ahn and 6, respectively. Neither in the indices(we will return to the discussion of this state in the
field-free measurement data nor in those taken while switchfollowing section. Even so, it is still clearly larger than in
ing the sample is there any sign of discontinuity in any of thethe SmA* phase. The pronounced minimumAm observed
observables. It is obvious that the voltage needed for comat the phase transition is probably connected to light scatter-
plete switching is very low—even the 1 ¥ curve comes ing produced by the critical fluctuations at the second-order
very close to the saturated value @telow the phase tran- phase transitiofi29].
sition. At temperatures above the transition, the induced tilt The birefringence is a function of the molecular polariz-
angles are also quite high already at moderate voltages, i&bility and the macroscopic orientational order. As the polar-
lustrating the prominent electroclinic effect. izability can be regarded as constant in the temperature in-

The birefringence measured in the fully switched sampleerval investigated, the difference &m between SmA* and
at 57 °C, i.e., in the SnG* phase close to saturation 6fis  the switched SnG* state must reflect the difference in ori-
14% larger than that of the relaxed SWi- phase, corrobo- entational order. Usin§,=0.56 obtained from the x-ray ex-
rating the qualitative conclusions based on the g  periments in SmA* phase, the 14% increase An would
sample textures. The much lower SPi- value ofAn mea-  reflect an ordering t&,=0.63. This figure, which should
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FIG. 11. Textures in the
aligned 2 um EHC cell used for
the high-resolution measurements
of optical tilt angle and birefrin-
gence. The upper row shows the
textures of the Smiv* phase and
of the surface-stabilized S@*
phase before any electric field has
been applied, the lower row the
57°C, -20 deg B Ly textures some 10 min of relax-

v ol : ation after full switching in the
Sm-C* phase at 57°C. At this
temperature the optical tilt angle
was measured to be 20°, hence
pictures with the smectic layer
normal parallel, +20° and
—20° to the polarizer cross, are
shown. As a guide for the eye, the
same characteristic defect has
been encircled in all photos.

only be regarded as a rough estimate since the uniaxial ordesnge of~0.5 um. Generally, such short-pitch FLC mate-
parameterS, is not a valid order parameter for the biaxial rials develop a uniform helical structure at these cell gaps.
Sm-C* phase in the switched state, indicates that even wheBut if the correlation inp across the layer boundaries is very
an electric field strong enough to saturate the electro-optigreak, the energy cost of adopting the in-layer twist mediat-
response is applied, the orientational order is unusually lovihg a helical bulk with an unwound surface structure may be
in 8427 2F3]. The disorder is of course also reflected in the|arger than the cost of breaking the chiral interactions pro-
corresponding value of the optical tit=21°, which is sub-  qucing the helix, thus rendering the surface-stabilized FLC
stantially lower than the average molecular inclination angle(SSFLQ state favorable at much larger cell gaps than usu-
(B)=31°, as determined by the WAXS experiments. ally expected.

A final evidence that thé\*-C* transition of 842p2F3] An even more striking evidence is found in studying the
follows the_ scheme proposed _by de Vrles_ Is given in Fig. 9'shapes: of the domains in the SSFLC state, cf. Fig. 10. In
\r/]vheredAn IIS pI(()jttedhas a funlctlor:j Olﬂf Serlllnger(_et E?" [16] ._contrast to the usual SSFLC domain types, which have ap-
O?Zediﬁivseec::%ie ?ntog;rgtﬁ T}gsg 8;; gf ?ﬁ:ce: g.rotpert'eﬁroximately equal size along and across the layers, many of

. . phase. PrECICUons e domains in 8442F3] have a very small area with an
of this model is that changes iAn observed within the . . ;

* % ) . __in-layer extension considerably larger than that across the
Sm-A* or SmC* phases of the de Vries type, are a func'uonI This i ) | f boundari
of the optical tilt angle only. This behavior is indeed seen in ayers. This gives rise to a very large amount of boundaries
Fig. 9, where different data sets, corresponding to di1‘ferenpe.tween domains, which at first seems surprising, as pound—
values of the applied electric field, fall on the same curve, irfr1es always cost energy. However, e_1|most all boundaries run
agreement with the model. along the layers _and will therefore, in the case of weak in-

terlayerg correlation, cost much less energy than the bound-
aries occurring within layers. Hence, the equilibrium area of
the domains is in 8422F3] much smaller than in usual FLC

The many peculiar characteristics of the &h-textures materials, and the domain structure has a striking layered
formed by 842p2F3] actually constitute unusually clear evi- character.
dence of an extremely weak interlayer tilt direction correla- The reason for the weak interlayer correlationgnmay
tion in this compound. The occurrence of surface stabilizawell be found in the two-molecule aggregate making up the
tion at cell gaps as large as @m would seem to indicate building-block of the layers, cf. Sec. Il B 2. As seen in Fig.
that the helical pitch of the compound is very long. In fact, 2, both ends of the aggregate end with fluorine atoms. This
even at the thickest part of the wedge cell, at A& cell means that the contact between molecules in adjacent layers
gap, the helix did not form unobstructed. However, as menis mediated via fluorine-fluorine interactions only, while in
tioned in Sec. Il B 2, we could during the x-ray experimentsmost liquid crystals these interactions are mediated via hy-
repeatedly see selective reflection from the sample in thdrogen atoms. This probably leads to weaker induction and
capillary tube, an observation which suggests a pitch in thelispersion forces interacting between two adjacent smectic

D. The strength of the interlayer tilt direction correlation
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layers and may thus explain the unusually weak interlayer E. The mechanism behind the SrA* tilt direction
correlations observed in 84ZF3]. randomization

The texture vyh|_ch was the most difficult to .understand An important question arising when discussing the de
was that of the virgin surface-stabilized state which seems tQying typeA-C transition is how the randomization ia in

depend very much on the alignment conditions. In somg,o sma(A*) phase is actually produced. Initially, de Vries
cases twisted states were clearly observed but in the samplgggqested that the underlying mechanism was a decoupling
d|§cussed here a good extinction and an optic axis mclmegf the interlayer correlations i [14]. This model(in the
with respect to the layer normal was found. Examples of thgyjo\ying referred to as the noncorrelation mogelactually
aligned textures of the Zum cell used for theAn and 6,44y sometime§18,30 the one connected to de Vries, de-
measurements are given in Fig. 11, where the Upper roWy e’ the fact that in all his later papers he had abandoned
shows the virgin textures and the lower row the relaxed texynjs explanation and instead based his reasoning on the much
tures after SW|_tch|ng with an electric field. At this cell 9ap |ess artificial diffuse cone model. Here, the $nphase does
the SmC* helix was completely expelled, but the domain ot exhibit a stationary tilt which must be spatially averaged
texture which spontaneously developed below &%®C*  through a random stacking of uniform layers, but the tilt is
transition temperature was a very unusual one. Rather thagimply a result of the nematic order fluctuations.
the typical SSFLC texture with large up and down domains Within the noncorrelation model, it is difficult to explain
[28], a “rippled” texture, suggesting irregularities on a very the properties of the electroclinic effect, not known at the
small scale, formed. Comparing the $xi-and SmE* tex-  time when the model was first proposed by de Vries, in a
tures in the upper row of Fig. 11, it is clear that, in general,chiral de Vries type Smv* liquid crystal. Yet, observation of
the extinction directions only shifted marginally on cooling such a phase, denoted “S8k” (R, random has been
past the phase transition. The field-free measurememisiof claimed[18]. If each layer is uniformly tilted, and the ran-
and 6, shown in Fig. 8, also showed that the effective opticdomization is strictly related to low correlation across the
axis only exhibited a small tilt with respect to the layer nor- layer boundaries, each layer must exhibit virtually the same
mal and that the birefringence was much lower than in thdocal spontaneous polarizatiéh as in the Snc* phase. By
uniform switched state. applying only a weak electric fielfvithout interlayer corre-

We believe that the origin of these peculiar properties is dations there is no obvious strong restoring force, in contrast
surface-stabilized Sr6* state with extremely low correla- to helical SmC*, where the helix has to be unwound, or the
tion length along the layer normal. When the &-phase antiferroelectric SnE} , where the antiferroelectric state has

forms in the 2 um sample, the surface action—which com- to be broken the tilt directions therefore ought to be orga-
pared to the weak interlayer interactions must be regarded 44zed on a macroscopic scale. The necessary field strength,
a very strong external force in cells this thin—completelyand the resulting optical effect, should be in principle inde-
prevents the formation of the helix. Instead, SSFLC domain®endent of the temperature in the Sfi-phase. But this is in
are immediately formed directly from a SAt: phase where complete conflict with the strong temperature dependence
the molecules are tilted with the same angle as in theC3m- always observed for the electroclinic effect.
phase but with all values qf equa"y probab|e' As inter|ayer We thus conclude that the main mechanism behind the de
correlations are very weak, every single layer will, in prin- Vries typeA-C transition cannot be a change in strength in
ciple, independently of its neighbors, choose the SSFLC dointerlayer tilt direction correlation, but rather a biasing of the
main type,+ 6 or — 4, which is closest to the tilt direction nematic order fluctuations. An important consequence of this
prevailing in the SmA* phase just before the transition. The result is thatlwe- have a Q|str|but|on not only in tilt directions
result will be a virgin SSFLC state exhibiting spatial varia- ¢, but also in tilt magnitudesg. In all models developed
tions in optical tilt direction on a scale smaller than, or at thel16] or used[17,18 recently for explaining the macroscopic
limit of, visible light, not too different from the case of an Properties of chiral de Vries type NLS compounds, the ran-
anticlinic SmC, (or SmC?*) liquid crystal. As the domains domlzf'mon is supposed to occur pnly through fluctuations in
are still larger than the regions of uniform orientation in the®> While 8 has a more or less fixed value throughout the
SmA* phase, a slight increase in birefringence and a smafP™mA* and SmE* phases. This oversimplification may be
effective tilt angle will be observed. the reason for th(_a inability of the models_, to qgantltat|vely
This state was only seen in the virgin SBi- state at low describe the optical properties of the investigated com-
cell gaps. After the sample had been switched to a unifornPounds.
alignment, a process which requires a very low voltage, it
relaxed to the SSFLC texture shown in the lower row of Fig. IV. CONCLUSIONS
11. The relaxation was extremely slow, which is not surpris-
ing as the interlayer interactions are so weak, but after some The non-layer-shrinkage ferroelectric liquid crystal
10 min a fairly normal SSFLC texture, where macroscopic84242F3] was found to exhibit a second-order “diffuse cone
up and down domains could easily be distinguished, develmodel” Sm-A* -Sm<C* transition. The nematic orienta-
oped. Also in this texture, however, the tendency to formtional order parameter exhibited the same, rather low, value
domain boundaries along, rather than across, the layers 8=0.56 in SmA* and helical Snme*, corresponding to an
obvious, and many areas have a characteristic stripedverage molecular tilt angle8)=31° in both phases. The
character. layer spacing predicted at such low orientational order com-
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pares to the measured values only if a pairwise aggregatiogffective birefringence on cooling from SAf to SmC*
of the liquid crystal molecules is assumed. Such aggregatiofwhich was found to be close to 15%.

restricts the interlayer molecular interactions to fluorine-
fluorine contacts resulting in weak interlayer orientational
correlation which was observed experimentally by a very
easily disturbed Sn&* helix and a peculiar SSFLC texture Financial support from the “German Academic Exchange
with domain boundaries running preferentially along theService” (DAAD), from the “Swedish Foundation for Stra-
smectic layer interfaces. In the S@t phase, the azimuthal tegic Research(SSH, and the “Deutsche Forschungsge-
fluctuations ar biased, leading to a macroscopically observmeinschaft”(DFG, Gi 243/2-4 is gratefully acknowledged.
able tilt angle saturating slightly abowe=20° at low tem-  We thank J. Ivens and A. Peschel for their assistance in the
peratures. The azimuthal biasing also leads to an increase BSC and SAXS measurements.
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