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Anticlinic structures at the surface of freely suspended smecti€ films
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Ellipsometric studies have been conducted on freely suspended films of chiral smectic liquid crystals. In the
temperature range of the smedficphase, we observe sharp steplike changes of the ellipsometric quantity
indicating sudden inversions of the molecular tilt direction in single smectic layers near the surface. These tilt
inversion transitions are strongly hysteretic with temperature differences up to 10 K between heating and
cooling runs. Although the films possess two identical free surfaces, metastable states occur in which the tilt is
inverted at only one surfacgS1063-651X98)51302-3

PACS numbegps): 61.30.Eb, 64.70.Md

Smectic liquid crystals can form freely suspended films Most results of the present study concern the compound
which consist of an integral numbépetween several thou- MHPOOCBC(Fig. 1), which shows the bulk phase sequence
sands and only twoof molecular smectic layers, the layer isotropic 104 °C SmA 87 °C SmEC. This compound is re-
planes being parallel to the two free surfaces. Besides studig®rted[8] to show a transition to a ferrielectric phase (Sm-
of phenomena related to reduced dimensionality and interC,) at 42 °C; however, in our sample, crystallization occurs
faces(for recent reviews, sefl,?]), freely suspended films before this phase is reached.
enable structural studi¢8] of the recently observed smectic-  Freely suspended films are drawn in the 8nphase us-

C (Sm<C) phases possessing antiferroelectric and ferrielec-
tric properties. Cgh170C0<O)-~0)-C00 «O)-C00 - CH(CH3)CeHy3

In the SmE phase, in each layer the rodlike molecules

are tilted with their long axis with respect to the layer nor- 4

mal. Most compounds show at higher temperatures the “—_w
&

smecticA (Sm-A) phase in which the molecules are not 3 A
tilted. When the molecules are chiral, a spontaneous electric

polarizationPy is present in the Sr& phase in a direction ea) 2T %
along the layer planes and perpendicular to the tilt direction (deg) jo
[4]. Whereas in the usual ferroelectric SInphase the tilt

direction, and thus thE, direction, is essentially the same in Ay
neighboring layer$5], a number of new Sn& phases pos-
sessing different tilt structures and antiferroelectric or ferri- 4

electric properties was found in recent yefd6§. Among s -
these new phases, only the structure of the antiferroelectric : ‘

Sm-C, phase is clarified to date: in this phase the tilt &hd N g
direction alternates by+-180° when going from layer to (deg)
layer, thereby building up an anticlinic tilt structure. Anti-
clinic tilt structures of a different type have been recently
observed for molecules possessing a strongly curved shape

and in certain polymer-monomer mixturgg. 2
In this paper, we report the occurrence of anticlinic tilt A —_— .

—_
T
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e

—

structures at the free surface of freely suspended ferroelectric ((io,) 1F - >

Sm-< films. These structures develop with decreasing tem- - Al st ©
perature by tilt inversions in single layers near the surface. 0 . . . .

The tilt inversion transitions possess a pronounced thermal 1 _
hysteresis with heating-cooling differences of 10 K and more A - = e
(at temperature rates of the order of 0.1 K/mimhich is (deg) N , , (@)
quite unusual for transitions between smectic phases. An- 60 70 80 90
other unusual observation is the occurrence of states in T(°C)

which the films have lost their structural symmetry with re-

spect to their center plane. Although the films possess two F|G. 1. Temperature dependence &f for freely suspended
identical free surfaces, we observed several times that a tifims of MHPOOCBC;O: A, , heating run,& : A_, heating run,
inversion occurred at one surface at a temperature differenihe corresponding cooling runs are given by the small dots. The film
from that at the second surface. thicknesses are 2@), 15 (b), 5 (c), and three layergd).
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ing a rectangular variable-surface frame describgdjnThe  phase the S phase with tilted surface layers anymore but
area of the films is approximately>610 mnf. Information  only this state of unknown structufgig. 1(c)]. Further stud-
about the molecular tilt in the films is obtained by ellipso- jes are needed to clarify this behavior.

metric measurements; details about our setup can be found in |y 3 five-layer film of MHPOOCBQFig. 1(c)] the steps

[9]. We determine the ellipsometric quantiti#ésand ¥ [10]  5ng the hysteresis are still present. Note that sometimes the
which describe the polarization of a laser beam=633 nm) sequence of two steps, separated by a few K, can appear as

which transmits the film at an angle of incidence of 45°. The o single step possessing a height corresponding to the sum

determination of the film thickness on the base of the mea- : ;
suredA and W values is described o). of the two subsequent stefiSig. 1(c), cooling curve ofA .

. . . . 76 °Q. A three-l film[Fig. h
WhereasV is almost independent of a tilt of the optical at76°g .t ree-layer film[Fig. 1(d)] does npt Show any
. - ) steps and its structure does not change with temperature,
axis, the value ofA shows a specific relation to both the

magnitude and the direction of the tilt of the optical axis ofthere is small difference betweek, andA_ in the whole
the film [9]. A weak dc electric field8 Vicm) is applied ~eMperature range. .
along the film plane in order to predetermine the direction of In §ummary, the observed steps in ﬂne;urves shqw the
the molecular tilt in the ferroelectric S@-phase. In our Tollowing properties: In subsequent ruksither heating or
experimental geometry, the molecules tilt within the plane 0fc00ling of a given film the steps appear approximately, but
incidence, depending on the field polarity, either away fromn most cases not exactly, at the same temperature. Between
or towards the incident laser beam giving rise to valnges ~ heating and cooling runs exists always a large thermal hys-
andA_, respectively. The differenceAC —A.) is a mea- teresis. The steps occur frequently as a pair separated by a
sure of the average tilt angle of the optical axis of the filmfew K, sometimes, especially in heating runs, the pair is
[9,11]. For each film at least four runs are successively confeplaced by one single step possessing double height. In
ducted during which the temperature is changed at a constantost cases, just two steps are observed in the experimentally
rate typically between 0.05 and 0.1 K/min: after the constanstudied temperature range; in some cases, however, one or at
dc field is applied we start with a cooling run, which is most two additional steps occur at low temperatures. Ther-
followed by a heating run. Then, the field polarity is invertedmal hysteresis and the reduced reproducibility of the step
and again a cooling and a heating run is conducted. temperatures indicate that these steps show the characteris-
Figure Xa) shows results for a 22-layer film of tics of strong first-order transitions which need some kind of
MHPOOCBC. At high temperaturesT&87 °C), where in  nucleation to occur.
bulk the SmA phase exists, we observe nevertheless a dif- |n the following we will argue that the mostly observed
ference betweend | andA _ which results from tilted layers sequence of two steps corresponds to the inversion of the tilt
at the surfaces. The occurrence of tilted surface layers in theirection in two single smectic layers which are located each
bulk SmA temperature range is a common behavior of com-at one surface. Probably because of nucleation effects, the tilt
pounds possessing a Si— Sm<C transition[11,12. Inthe  inversion can occur at each surface at a slightly different
case of MHPOOCBC the surface layers remain tilted up tdemperature. That we observe a phenomenon located at the
the bulk transition to the isotropic phase. At the bulk 8m-  surfaces can be concluded from the fact that the number of
Sm<C transition temperature (87 °C), there is a suddersteps does not scale with the film thickness. In most films we
change of theA values so that the difference\( —A ) observe just two steps and the few cases, where one or two
becomes small for a narrow temperature interval before iadditional steps occur at lower temperatures, do not show a
shows a large increase immediately below 87 °C where obdiscernable relation to the film thickness. Thus, the observed
viously all layers of the film become tilted. A further de- behavior cannot be a property of the interior layers of the
crease of temperature leads to a smooth increase\af ( films.
—A ) until, around 73 °C, thé curves show a sharp step  To support the hypothesis that the steps in sheurves
leading to a decrease oA( —A.). A second step of same result from tilt inversions in single layers, we calculate the
size occurs at 2 KA, curve or 3 K (A_ curve below the values which would result from corresponding model films.
first step. Then, 4 _—A,) increases smoothly down to We make this model as simple as possible and assume that
55 °C where we stopped the rébelow 50 °C, crystalliza- the magnitude of the tilt is the same in all layers of a given
tion occurs. The heating runs show the same sequence dilm and that its temperature dependence is described by a
two steps in thed curves but at a temperature about 10 K simple power law. We fit the parameters of this model to the
above that of the cooling runs. experimentalA values measured in the temperature range of
A 15-layer film of MHPOOCB({Fig. 1(b)] shows essen- the SmC phase(i.e., the range between the first step and
tially the same behavior with two differences: the tempera~87 °C) assuming that the tilt direction is the same in all
ture range near the bulk S/— Sm-<C transition, where the layers and perfectly aligned by the external d.c. field. We
difference A _—A,) becomes small or even vanishes, isthen invert at the temperature where a step occurs the tilt
considerably larger<£2 K), and around 60 °C an additional direction in one or two layers of our model film in order to
step occurs in thé\ curves. Concerning the behavior near simulate theA steps. Indeed we achieve a good agreement
the bulk SmA — Sm<C transition, we have presently no between the experimentally observed steps inAheurves
structural model that could explain the experimental obserand the calculated steps resulting from the simple model.
vations; all we can say is that the temperature range, in The details of the calculation df . andA _ are described
which the difference £_—A ) is small or zero, consider- in [13]. Briefly, a given modeN-layer film is described by
ably increases with decreasing film thickness. In films thin-2N values#; and ¢;, which give magnitude and azimuthal
ner than about ten layers, we do not observe above th€ Sm-direction of the tilt of the dielectric tensor in thi¢h layer.
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FIG. 3. Temperature dependence bffor a freely suspended
six-layer film of DAF9;O: A, , heating run;0 : A_, heating run.
&""M The corresponding cooling runs are given by the small dots.

1-layer inversion

: 4 mentally. Indeed, the measured step heights decrease with
1-layer inversion

increasing film thickness, in a 100-layer film the steps in the
. (b) A curves have almost completely vanished. This does not
ol " | | mean that the tilt inversions have dissappeared; rather, it is
0 80 90 probably a result of the helical superstructure which is
T (C) present in thick Sn€ films and strongly reduces the optical
effect of a tilt inversion in a single layer: If in a 100-layer
FIG. 2. Temperature dependence of calculdsadid lineg and  film the ¢; values vary with increasing from ¢;=0° to,
measured ©/ ¢ symbolg A values for the five-laye(a) and 22-  say, ¢,,,=180°, the average dielectric tensor is almost not
layer film (b) of MHPOOCBC (shown are the cooling rups affected if 0ne¢i is Changed by 180‘(00ntrary to the un-
dwisted case where ath; have the same valueThe differ-
ence betweerd, and A_ observed in the three-layer film
[Fig. 1(d)] can be reproduced by the model if we assume for
the whole temperature range a structure consisting of two
layers tilted in a direction opposite to the third layer.

—_
T

The dielectric tensor of a single layer is considered a
uniaxial (neglecting the weak biaxiality of the S@-struc-
ture) possessing eigenvalues (twofold) and €. In our
simple model, all§; are described by the same power law

and the values of; amount to either 0° or 180°. Then, an We have observed the behavior found in MHPOOCBC in

average dielectric tensaris calculated which is assumed to a second compound, abbreviated in the following as DAF9
represent the optical properties of the whole film. The Value%Fig. 3. The bulk p’hase sequence of DAF9 is isotropic

of A, andA _ are then calculated using the threegigenval—56 °C SmA 49 °C SmC. Below ~30 °C a phase of un-

ues of e and the angle between the principal axiseofnd  known structure possessing antiferroelectric properties ap-
the film normal as described [13]. pears[15]; however, we observe tilt inversion steps in the

For MHPOOCBC, the dependence af and ¥ on the  curves well within the temperature range of the ferroelectric
film thickness leads to values, =1.44,n=1.625, andd  Sm-C phase, as examplified for a six-layer film in Fig. 3.
= 3.2 nm(thickness of a single untilted layeiThese values  Although the molecular structure of DAF9 differs consider-
are used for the calculation df . andA _ resulting from a  ably from that of MHPOOCBC, the behavior concerning the
given set ofg; and ¢; values. tilt inversion steps is completely the same. On the other

In Fig. 2@ measured and calculated values are com- hand, the tilt inversion steps do not occur in the antiferro-
pared for the five-layer film of MHPOOCBC,; all are as-  electric compounds studied by us previously in freely sus-
sumed to vary with temperature ds=15° (T.—T)Y*with  pended filmg3]. Thus, at present we cannot decide if we
T.=92 °C[14], and all¢; are set to zero for >80 °C (A_  observe a more general behavior or not.
curve or T>76°C (A, curve. The two steps in the\ _ The arguments presented above indicate that the observed
curve are modeled by setting ogg value to 180° at 80 °C  steps in theA curves result from tilt inversions in single
and a secong; to 180° at 75 °C. The step in thle, curve  smectic layers but they do not give a hint concerning the
is modeled by setting twa@; values to 180° at 76 °C. The physical origin of this behavior. Obviously, close to the sur-
agreement between calculated and measured step heightsfages interactions are enhanced which favor the formation of
almost quantitative which is a strong support that we arenticlinic layer-layer interface@ntiparallel tilt directions in
really observing tilt inversions in single layers. neighboring layens Most probably, the tilt direction is in-

In the same way we have modeled the andA _ curves  verted in the toplaye(first layer at the surfagecreating one
of the 22-layer film[Fig. 2(b)]. The only change in the model such anticlinic layer-layer interface. It might be that not the
parameters, apart from the film thickness, consists of a slightoplayer but the adjacent layer is inverted, because then not
change of the temperature dependence of the tilt magnitudenly one but two anticlinic interfaces are produced. It is,
we used for the 22-layer filn#;=12.5° (T.—T)¥* with T, however, not possible to distinguish these two cases by el-
=87.5°C. There is still a fair agreement between calculatedipsometry: In the model used for the calculation of the step
and measured step heights, the magnitude of the calculatdrbight it is completely arbitrary in which layer the tilt direc-
steps is, however, somewhat larger than observed expetion is inverted since we take the average across the film. If
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we treat the film as a multilayer system and calculate itdy an antiferroelectric phase. Generally, it is observed at
optical properties by the matrix methfd6] we can estimate freely suspended film surfaces that near a phase transition the
the difference between different tilt patterns producing thelow-temperature phase appears in the surface layers already
same average tilt: For a five-layer film of MHPOOCBC with above the bulk transition temperatyte2,17]. The behavior

a tilt magnitude of 30° in each layer, the differenceAn  near a transition from the ferroelectic Stnphase to an
between a layer-by-layer alternating structure and a structurgntiferro- or ferrielectric phase is, however, not clear. In
with the three interior layers tilted in a direction opposite togome cases, the free surface even seems to favor the high-
the two toplayers, is of the order of 0.0005° and thus beyon@emperature (ferroelectric Sme) phase [18]. Thus, the

the experimental resolution. _ - . physical origin of the tilt inversion is still to clarify.
In conclusion, we have reported a kind of tilt inversion

transition which occurs in single smectic layers near the sur- This work was supported by Deutsche Forschungsge-
face of freely suspended ferroelectric $nfilms. These meinschaft Grant No. Bal048/5, and the Fonds der Che-
transitions show a pronounced thermal hysteresis and camischen Industrie. Special thanks are due to MpiC for
occur at different temperatures at each surface indicating theelpful discussions and to G. Heppke for providing numer-
presence of a nucleation process. Our results could be seens liquid-crystal compounds, among them MHPOOCBC
as a partial wetting of the ferroelectric SG+vapor interface  and DAF9, which were prepared in his laboratory.
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