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27 and 7 walls in antiferroelectric smectic-C,, and smecticC free-standing films
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We observed, in free-standing films of antiferroelectric liquid crystal, dependence of the wall structure on
orientation of walls with respect to the external field direction and on parity of number of smectic layer in the
film. These observations are explained by anisotropy of two-dimensional elastic constants and by dependence
of polarization direction on parity of the film. Investigations in electric and magnetic field allow us to deter-
mine the values of elastic constants and longitudinal polarization of the films. Different mechanisms of
c-director reorientation were observed when the electric-field direction was reversed or magnetic field orien-
tation was changed with respect to the film plane.
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I. INTRODUCTION the number of material parameters low and obtain an analyti-
) o o cal solution for the z-wall structure. Meanwhile, it is well
Domain walls exist in many ordered systems with discretg§own that in the S8 films the values of bend, and
and broken continuous symmetfy]. They determine many spjay K, elastic constants differ significantly10,11. Al-
structural properties of real materials and play an importanfhough 2D elastic moduli were not measured in theCsm
role in switching between different states of a system in anin fims, one would expect differences in such anticlinic
external field. In the case of two-dimension@D) freely sy ctures. The director in antiferroelectric S@j, thin films
suspended films of tilted smectic liquid crystgls3], walls  can pe oriented by the electric field, due to the existence of
are formed by spatial modulation of the molecular orderinghe jn-plane net transverse polarization in films with an odd
These films can have thicknesses from two to thousands ¢fymber of smectic layers and longitudinal nonzero polariza-
molecular layers with layers parallel to the free surfaces. Ifjg in the tilt plane for films with an even number of layers
SmC-like liquid crystals the long axes of the molecules arer12,13. The origin of the net tilt plane polarization has re-
tited by an angleg with respect to the layer plane normal  gived a great deal of attention in the literatyts—16,
(Fig. 1. In the layer plane-y the 2D vector fieldc directod  however, up to now its value was not determined in chiral
is defined as the projection of the nematidirector onto the SmC), films.
x-y plane [2]. Walls can be observed directly by optical | 'the present paper we report tti¢ dependence of wall
methods[4]. In the wall region, the azimuthal orientation of gy cture in antiferroelectric films on its orientation with re-

the c director ¢ rotates by an angle2andm across Zr and  gpect to the electric-field direction and parity of the layer
7 walls, respectively. Depending on type of tilted smectic

(synclinic SntC,SmC" [5]; anticlinic SnC,, [6,7)), in exter-
nal field (electric E, magneticH) measurementsstatic or
dynamig both 27 and 7 walls may be observed in free-
standing films. In ferroelectric S8 and antiferroelectric
SmC, phases only 2 walls are formed in an applied electric
field. The wall structure is formed by competition between
elastic and external field energy, and the wall mobility de-
pends on 2D elastic constalitand orientational viscosity
(more exactly on ratid&/ »). The study of 2r walls appears
to be a powerful method for the determination of macro-
scopic properties of 2D layer ordering. Pindetkal. [4] de-
terminedK/P (P is the layer polarizationfrom measured
wall widths in ferroelectric free-standing films. A similar
method was used by Lingt al.[8] for measurement of trans- angle 6 with respect to the norma to the smectic layer. The azi-

verse layer polarization in antiferroelectric Sfmfilms. T_he muthal orientation of the molecules is described by a two-
ratio K/ 7 was m*easured from the collapse rate of circulargimensional vectoc or by an anglep. The magnetic fieldd makes
walls in the Sn€" and SnC, free-standing filmg4,8] and  an anglea with respect to thex axis. (b) Schematic representation
from linear wall mobility in SnC films [9]. of the experimental geometry. The orientation of the magnetic field

Up to now, investigations of films with polar ordering of H can be varied in the-z plane by rotation of magnetsl. The
layers were restricted to using an electric field. Moreoverglectric field can be applied to the film in the direction of thaxis
one elastic constant approximation was used in order to keefy two electrodes.

FIG. 1. (@) Molecules in Sre-like structures are tilted by an
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numbe[,(ii) determination of th&, andK; elastic constants - {.’
in SmMC, films with an even number of layergii ) determi- < A
nation of longitudinal polarization in S@)\ films, and(iv) { : LT
observation of different mechanisms of tilt plane switching T e
in electric and magnetic fields. 4 i

Il. EXPERIMENT

The experiments were carried out on the anti-
ferroelectric liquid-crystal compound @a- I
trifluoromethylheptyloxycarbonyphenyl fl'—octylbiphenyl— - /\f«,:_(l\,_, l\,_q/ /\-'p\;\_\/ 1
4-carboxylate (TFMHPBC) [7]. Some investigations of
c-director reorientation in an external field were made on the FIG. 2. The 2r walls in the SnC,, films with longitudinal [N
nonchiral Sn€C liquid crystal 4-hexyl-4’-hexyloxy-2’- =10 (a, b] and transversgN=11 (c, d)] polarization. The images
hydroxybenzalanilindHHHOBA). Two types of cells were reveal orientation andl-odd - N-even dependence of therzavall
used for the preparation of thin smectic films. First, freelystructure. The electric field is parallel to the horizontal direction, as
suspended liquid-crystal films were drawn over a conicahown by the white arrow. Black nails schematically show the
hole in a glass coverslip. Second, films were prepared in &director rotation in Zr walls. The horizontal and vertical orienta-
frame consisting of two movable brass blades. The filmtion of the c director correspond to dark bands. Polarizers are ori-
thicknesgnumber of smectic layens) was determined from ented parallel tp the sides of the pictures. The horizontal dimension
the optical reflectivity in the reflection geomef§7]. To the ~ ©f the images is about 17sm, TFMHPBC,E=6 V/cm (a, b, E
film one can apply both an in-plane electric field using two™=2-2 V/cm(c, d, T=60°C.
parallel electrodes and a magnetic field. The electric field is
applied in the direction of the axis, the magnetic field in the sition. The best contrast in DRLM images is achieved for a
xz plane at an angle with respect to the film plangrig. 1).  rotation angle from one to several degrees depending on the
Our setup allows the possibility of magnetic-field rotation anisotropy of the film. At a fixed rotation of the analyzer, the
with respect to the film plane. For a positive magnetic anisofegions of opposite brightness have thelirector orienta-
tropy xa [2], the external magnetic field forces the tilt plane tions perpendicular to each other. This implies that e
to orient along the direction in which the field is applied wall is imaged as bright (dark) bands.

(projection ofH on the film planeH, is responsible for this

orientatior). The field component normal to the film plaHe . RESULTS AND DISCUSSION

favors orientation of the-director vectone=0 or ¢=m) in o )

the plane of the film. A. Determination of splay and bend elastic constants
To examine the in-plane azimuthal distributigfx,y) of and polarization

the c director, the films were imaged using a reflected-light Figures 2a)-2(d) show 27 walls parallel and perpendicu-
microscope. The images were recorded by means of kr to the applied electric field itN-odd andN-even films
charge-coupled devicgCCD) camera and then processed to observed in PRLM. The director is parallel to the electric
amplify the small contrast of intensity. The investigationsfield in N-even films, while it is perpendicular iN-odd films
were made in two geometries. In the measurements when th&2]. The c-director orientation changes when crossing the
walls were stationaryat a constant external fieldthe im- 24 wall, as illustrated schematically by dark nails. The hori-
ages were obtained by polarized reflected-light microscopyontal and vertical orientation of the nails corresponds to
(PRLM) with crossed polarizers. When we studied an opticaldark bands in the walls. In the72wall parallel to the
response to the change of the field direction, depolarized-director orientation far from the defe¢fFigs. 2a) and
reflected-light microscopyDRLM) [18] was used to de- 2(d)], thec director is splayed in the central dark band, while
crease the exposure time. We can neglect thé:;SheIical it is bent in the two side dark bands. In the @vall perpen-
structure in both measurements, because the film thicknessdkcular to thec director [Figs. 2b) and Zc)], on the other
much less than the helical pitch. When PRLM is used, théhand, the situation is just the opposite; the bend and splay
regions where the director is parallel or perpendicular to deformations occur in the central dark band and in the two
the polarizer, look darkest. On the other hand, the regionside dark bands, respectively. Within a single elastic constant
look brightest where the director makes an angle off4  approximation[1,4], the distance between two central bright
with respect to the polarizer direction. When the polarizer ishbandsw; should be independent of wall orientation in films
so adjusted that the regions far separated from the walls b&f the same thickness. As is clearly seen in Fig. 2, this is not
come darkest, then, ther wall consists of B bright bands  the case. The widtiv, in Fig. 2(@) is larger than in Fig. @),
corresponding to ther/4,3w/4,5w/4, and 7r/4 rotation of  (see also Table)! In N-odd films the situation is the oppo-
thec director. When DRLM is used, the sample is aligned sosite: widthw; in Fig. 2(c) is less than in Fig. @). These
that the external electric fieldE, or H,) makes an angle-/4  differences in the wall width result from the anisotropy of the
with respect to the polarizer. The region free from any walls2D elasticity.

looks either dark or bright, depending on the direction of the Taking into account the difference of 2D bend and splay
small rotation of the analyzer with respect to its crossed poelastic constants enables one to describe the observed struc-

041708-2



27 AND 7 WALLS IN ANTIFERROELECTRIC SMECTICC*A PHYSICAL REVIEW E 70, 041708(2004)

TABLE I. Experimental and calculated distances between bright-baghtwvs) and dark-darkw,) bands in wallswy,w,, w5 correspond
to relative rotation of the director by anglesr/2,#, and 37/2, respectively. Type of walls, number of smectic laylr@nd orientation of
walls with respect to electric and magnetic field are listed in the first three colufr® V/cm(N=10),H=2 kG(N=10),E
=2.5V/cmN=11),T=60 °C. The last column shows the valueskond P obtained from wall structure ih-even film with longitudinal
polarization. The accuracy of determination of the distancessinmalls is £0.6um for wy, 1 um for w,, +2 um for wz, and +2um for
7 walls in N-even films. InN-odd films the accuracy is +0.,6m for wy, 2 um for w,, and £3um for ws. The latter bands have a larger
uncertainty in width than the other ones.

Experimental(um) Calculated(um)

Wall type N Orientation Wy Wy W3 Wy Wy W3 K,P
27 wall 10 IE 12.0 22.6 37.3 12.1 22.4 38.6 Ke=1.1x 101N
27 wall 10 1E 9.2 23.2 43.8 8.8 23.2 45.1 Kp=3.7X 10712 N
7 wall 10 IIH 37 36.3 P,=6.9x 107> C/m?
a wall 10 1H 48 48.7
27 wall 11 IE 10.5 26 52
27 wall 11 1E 14.8 30 51

ture of the defects quantitatively. In the following, the angleis necessary to describe an individual wall. We consider, as

¢ will be measured from thex axis. Considering 2D was the case in our experimental study; ®alls along and

c-director distortions with two elastic constants, the free enperpendicular to the external electric field. The first deriva-

ergy of a polar film is given by tives (p)'(,<p{/ were found from the Euler equation obtained by
minimizing the free-energy functionél),

1/2
o1, = e 2% |
(1) ‘

where K(P:Kssinch+Kb coge for walls parallel (perpen-

where L is the thickness of the film. The first two terms diculan to y in N-even (N-odd) fims and K,=Kscose
constitute the elastic free enerf9]. As the polarization is  +Kj, sinfe for walls which are parallglperpendicularto x in
parallel to thec director inN-even films and perpendicular to N-even(N-odd) films. Rotation of¢(x) or ¢(y) across the
it in N-odd films, the angle/ between the polarization and walls can be found by numerical integration of Eg). In
the electric field equals in N-even film ande—#/2 in  our geometry of observation, rotation of tleedirector by
N-odd film. F, is the ¢-independent free energy. For a de- 7/4,77/4 and 37/4,5w/4 corresponds to two pairs of
scription of the wall structure, the free-energy expansiorbright bands, while rotation byr/2,37/2 corresponds to
may be limited to the terms present in Ed). Galerne and dark bands. Experimentally measured and calculated dis-
Najjar [20] introduced a term linear i gradient for the tances between these bands were used to estimate the elastic
description of spontaneous distortions in smectic layers anisotropy. The ratioXs/P and K,/P served as fitting
wetting the isotropic interface. This linear elasticity is local- parameters. The resulting values foN-even films
ized at the smectic-isotropic interfa¢gQ]. In the case of with longitudinal polarization P, are K¢/P;=(1.6+0.])
Smc; free-standing films we neglected the elastic energyx 107’ V-m, K,/P;=(5.3+0.3 X 108 V- m, with elastic an-
that is linear inc gradient. The first reason is that in the isotropy Ki/K,=3. The agreement between experimental
absence of the field, we did not observe any instability in theand calculated distances between band#ieven films is
form of a regular array of distortions that appear in samplegjood(Table |). In N-odd films the structure of walls parallel
with a large value of linear elastic constd@0]. The second and perpendicular to the field is different, which indicates the
reason is that there is no asymmetry af ®alls (Fig. 2) for anisotropy of elastic constants. However, the outer bright
positive and negative splay or bend zones, which means thétands have nonuniform halfwidth and a larger dispersion in
linear elasticity is negligible. The electric effects due totheir location with respect ttl-even films.N-odd films also
space-charge densityV-P [21] are also negligible if the behave unusually in magnetic field. These observations will
electric charge interaction ener@fq/8e is smaller than the be discussed later.
elastic energy of the filnkKg? [20]. For our values oP and In antiferroelectric films, values of the 2D elastic con-
K in films with longitudinal polarizatiorisee latey, the elec- stants and longitudinal polarization are not known. Since
tric charge effect may not be taken into account for wave{rom investigations in an electric field only rati&g P can be
lengths of the distortion smaller than 2@fn. Galerne and determined, it does not allow one to extract the individual
Najjar [20] obtained an approximate analytical solution for value of either of these characteristi@¢é or P). In order to
the periodic spontaneous distortions keeping Fourier termdetermine their values, investigations of walls in a magnetic
up to the second order. However, this solution is not valid forfield were made. Figure 3 shows images of defectd-gven
a 2 wall and aw wall as a greater number of Fourier terms films. Linear defects formed in a magnetic field in PRLM

F=Fo+(L/2) f [K«(V -©)2+Ky(V X ¢)? - PE cosy]dxdy, .
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T )_|\, l sured distances between bright baiisise Table ). The ex-

perimental results can be described with the same elastic
anisotropy as in the case of the electric-field measurements
(Ks/Kp=3) and with Ks=1.1x 10'* N,K,=0.37xX 1071 N.
Using these values of elastic constants the longitudinal po-
larization P;=6.9X 10°° C/n¥ is determined from the ratio
K/P.

Previously, Galerne and Liebgi22] determined the sur-
face longitudinal polarization in the herringbone structure of
a nonpolar racemate material MHTAC. Their measurements
were made in droplets near the temperature of the
SmO-isotropic transition. For layers that wetted the isotropic
interface the polarization per surface unit was 3
X 10" nC/cm. Since in free-standing films there are contri-
butions toP, from two surfaces, the polarization per surface
unit in SnC, of TFMHPBC is about 1% nC/cm, which is
larger than in the S@ herringbone structure of MHTAC.
This difference may occur for two reason$) a different
molecular structure and smectic phase of MHTE&2] from
that of TFMHPBC[7,23,24, and(ii) in MHTAC the polar-
ization was determined near the melting temperature in lay-
ers that were grown at the isotropic interface.

FIG. 3. Photographs of S@A films (N=10) with 7 wall ori-
ented(a) parallel and(b) perpendicular to the magnetic field. The
separation between bands is smaller for the bend deformation in the
center of the wall. Black nails schematically shavdirector rota-
tion in 7 walls. Polarizers are oriented parallel to the sides of the
pictures. The horizontal dimension of the images is about|285
TFMHPBC,H=2 kG,T=60 °C.

B. c-director reorientation processes

A difference in the interaction of smectic films with elec-
tric and magnetic fields leads to a difference in the field-
) induced reorientation of the director. The polarity of films
consist of two bands, so they represenivalls. Form walls  yagyts inc-director reorientation after the change of electric-
the c-director orientation on two sides of the walls is differ- fie|d direction. Due to the quadratic dependence of energy on
ent. Dark nails in Fig. 3 schematically show tbalirector  magnetic field the reversal of magnetic-field direction does
rotation in 7 walls. The distance between bright bands iSpot lead to ac-director reorientation. IN-even Sn€), films
smaller for ther wall oriented parallel to the director(ver- 3 change of magnetic-field orientation with respect to the
tical direction in Fig. 3. This result is in agreement with the jim plane also does not induce a tilt direction reorientation
above investigations of2walls in an electric field, since in  (the energy is the same for angles and —). However, in
the center of a verticair wall the deformation type is bend. spc films, the magnetic energf,,=-(x.H2/2)(A cos 2p
For the case of an applied magnetic field the free energy of g cosg), where B=sin 29 sin 2« [9], depends on orienta-
films with an even number of layers has the following form: tion of the field with respect to the tilt plang-a or —a).

Since the molecules in the SInstructure tilt in the same
F=Fy+(L/2) f [K(V -¢)?+Ky(V X ¢)? direction, the film orientations with & and - are non-
equivalent. Figure 4 illustrates a 180° reorientation of the
- (xaH%2)A cos 2p]dxdy, (3)  polarization(and direction of molecular tilt in layeysn a

SmC*A film (a) and of thec director in a S film (b).

where A=sir?f cos' a and a is the angle between the mag- Change of the electric-field direction to the opposidgand

netic field and the film plane. Symmetry of the magnetic iantation of magnetic fieldb) from a to —a were made

energy(the  periodicity of the third termshould give rise  peqyeen frames 1 and 2. After the change of the magnetic-
to the 7 walls as we observed experimentally. The first de-fig|q orientation, the S film finds itself (at a< ) in a
rivatives ¢y, ¢y are given by metastable stat¢F,=—(y,H?/2)(A cos 20— |B|cose) as a
sir? ¢ |12 function of ¢ has a local minimum ap=0]. Thus, reorien-
| (4)  tation of thec director to the stable state should occur, but
@ this reorientation is more favorable through the motion of a
whereK¢:Kssin2go+Kb cog¢ for the walls which are paral- switching wave[dark narrows wall in Fig. 4(b), frame 2.
lel toy, andK,=Kg coSe+K, sirfe for walls parallel tox.  The 7 wall is created at the edge of the film and moving
The functionse,, were found by numerical integration of through the film reorients the director by 180°. When the
Eqg. (4). The magnetic anisotropy was taken to he=1.2  electric-field direction is reversed, the film is in an absolutely
X 1077 [2]. The calculatedr-wall halfwidths, i.e., the sepa- unstable stat¢F.=PEcose now corresponds to the maxi-
ration between the points where tleedirector orientation mum of energy. The formation of a narrowr wall is ener-
changes byr/2, were compared with experimentally mea- getically unfavorable resulting in a collective rotation of the

(P>,<,y = (xaH ZA) 1/2|:
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1 2 | 21 field. After the electric field is reversed, the central bright

Pf al : bands of each wall possess the orientation ofdhirector,
(2) e ( ‘ which is most favorable. So the central parts of the walls
P P start to expand, filling the greater part of the film by corre-

spondingc-director reorientation. It should be pointed out

1 2 lc 3 that 27 walls do not break into two narrow walls, which
(b) \ motion leads toc-director reorientation. Reorientation may
TC TC \ lc occur simultaneously in a large part of the film. In Figc)s

most of the film is dark as the director is rotated by 90°.
The regions with the “old” orientation of the director
frameg electric- and[(b) lower row] magnetic-field direction: col- shrink and between two 9Id712W<’:1II§ new 2r walls are
lective molecular reorientation in th@) SrrCZ and reorientation formed in the center of which the orientation of polarization

through movingz wall in the (b) SmC. The white arrowfframe ~ fémains as beforgFigs. §e) and f)]. Two linear defects in
2(b)] shows the direction of the wall motion. Electric field was the left-hand part of Fig. (@) disappear with tim¢Figs. Ke)
reversed(a) and direction of magnetic field was changed with re- and %f)]. This is due to the fact that between these defects
spect to the film planéb) between frames 1 and 2. Frames 2 and 3the ¢ director rotates in opposite directions, so the defects
were made via 1.0 and 3.0 s after changing the field direction. Thenay coalesce, which decreases the energy of the film.
polarizer and analyzer are slightly decrosgB&LM). The horizon- The SncC, films with N odd have transverse polarization
tal dimensions are abou® 140 and(b) 435 um. TFMHPBC,N  p que to the different numbers of layers tilted in opposite
:;iﬁ?ﬁfﬁg;0';'5”;252;':‘;%;{;2)3'2 C.E=8.5V/em. H directions. The latter allows the existence of @alls in a

: ’ ' ' e magnetic field tilted with respect to the film plane and

walls in a field parallel to the tilt plane. However, we did not

polarization andc director in a large part of the filnfFig. observe perfect orientation of tleedirector and stable walls

4(a), in frame 2, the orientation of molecular ordering in the IN @ magnetic field that was enough for orientation of the
layers is turned by 9Q° director and observation of walls iN-even films[25]. The

Figure 4a) shows electric-induced reorientation in films reason for such behavior &f-odd films, as well as a large
without 27 walls. In a film with 27 walls they play an im-  displacement of outer bands in electric field, is not under-
portant role in the reorientation process. Figure 5 shows stood. It should be noted that earlier unusual behavior of
series of images after 180° changifimetween frames a and N-odd films has been also pointed out, in particular, an in-
b) of the field orientation. The photographs in Fig. 5 weretriguing odd-even dependence of the ring-pattern relaxation
taken using DRLM, so the appearance of #valls (two  and the ratio of viscoug and elastic constantg/K on layer
bandg is different from that observed between crossed ponumbers was reportef8]. In N-odd films this ratio essen-
larizers (Fig. 2). Orientation of thec director in different tially depends on the transverse polarization. Latkal. [8]
parts of the sample is shown by black nails. In the initialexplained this phenomena by the influence of a large net
state(frame g in the center of the # walls the polarization  transverse polarization iN-odd films. Possibly, the unusual
is parallel to the “new(after reversingdirection of electric  pehavior ofN-odd films in a magnetic field and nonuniform
halfwidths of outer bands in an electric field is also con-
nected with their larger polarization than that Nfeven
films. Possibly, for a description of the structure of walls in
N-odd films it is necessary to account for electric charges,
however, a quantitative theory of wall structure, taking into
account the electric charges, up to now has not been
developed.

In SmC*A films the longitudinal polarization may be as-
signed to surface layers. We may evaluate the longitudinal
polarization related to a single surface layRr=(N/2)P,
[12,13. Multiplication by N/2 results from the fact that in
films with anticlinic structure and an even number of layers,
the polarizationP, arises from two surfaced2,13. Taking

FIG. 5. Response of the SBj fim with 27 walls to 180>  OUr ValueP=6.9x 10" C/m? andN=10 the surface longi-
changelatt=0, between frameg&) and(b)] of electric-field direc- tudinal polarization is about 3610 C/n?. In a S'_m'lar
tion: (b) 2.1, (¢) 3.1, (d) 6.4, (¢) 7.2, and(f) 12 s. Reorientation comMpound, TFMHPOBC, the transverse layer polarizaion
occurs through transformation of wall structures in the films. WhitelS about 3.6 times larggiPs=1.25x 10°° C/m? [26]) at the
arrows in frameg@) and (f) show the orientation of the electric Same relative temperature from the transition poir& °O).

FIG. 4. Response of the films to the changé(af upper row of

field. The polarizer and analyzer are slightly decrosgeRLM). In summary, we report measurements of the longitudinal
The horizontal dimension of the images is about 36® TFMH-  polarization and 2d bend and splay elastic constants i@,Sm
PBC,N=12,T=60 °C.E=8.5 V/cm. free-standing films with an even number of layers. We
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