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We present detailed systematic studies of structural transformations in thin liquid-crystal films with the transi-
tion from the smectic-C' (SmC') to hexatic (HSmB) phase. For the first time, all possible structures reported
in the literature are observed for one material (50.6) at the variation of temperature and thickness. In unusual
modulated structures, the equilibrium period of stripes is twice the domain size. We interpret these patterns
in the framework of a phenomenological Landau-type theory, as equilibrium phenomena produced by a natural
geometric frustration in a system having spontaneous splay distortion.

PACS: 61.30.Eb, 64.70.Md, 68.15.4¢

1. INTRODUCTION

Spontaneous formations of spatial patterns arise in
a wide variety of dynamical processes. Even more spec-
tacularly they are observed in equilibrium situations
involving fluids, solids, and liquid crystals. Especially
remarkable are free standing smectic films, in which
the influence of underlying substrates (often domina-
ting in other systems) can be avoided. These systems
provide a realization of many models describing diverse
apparently disparate physical phenomena (phase tran-
sitions, frustrations, ferro-electricity, and magnetism),
and an opportunity to study the crossover from two-di-
mensional to bulk behavior by drawing films of increa-
sing thickness.

For liquid crystal materials with phase sequences
in bulk samples HSmB (or crystalline CrB)-SmA the
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phase transformations in thin free-standing films are
well studied presently [1, 2]. At a temperature Ts; that
is about 10 °C above the bulk transition point T¢, the
phase transition occurs only in surface smectic layers.
The interior layers remain in the SmA phase. Below
Ts1, there are no phase transitions up to the temper-
ature slightly above T¢x. The next transition in the
nearest-to-surface layer occurs at the temperature Tgo
about 1°C above T¢. A sequence of discrete layer-by-
layer transitions on cooling may constitute from 2 to
5 transitions. In thick films, the transition of the whole
film into the low-temperature phase occurs at T' ~ T¢.

A few words on the nomenclature of tilted hexatic
smectics (usually labeled as SmF, SmI) may be help-
ful here. The tilt direction is along the local bonds
in the SmI phase, halfway between two local bonds in
the SmF' phase, and lies at an intermediate angle in
SmL phases. Transitions in the films of tilted smectics
in which the high-temperature bulk phase is SmC' and



MWITD, Tom 129, Bem. 4, 2006

Structures and orientational transitions ...

the low-temperature phase is tilted hexatic occur in an
essentially different way [3-6]. In this case, no sequence
of discrete layer-by-layer transitions is observed. After
the surface transition into the hexatic structure, the
transformation of the film structure on cooling con-
tinues in a broad temperature range. Several char-
acteristic temperatures T; may be identified at which
qualitative changes of the film texture occur. Similar
structure and texture transformations were observed in
several smectic materials [3-6]. Therefore, one may ex-
pect that these transformations have common physical
nature and occur through a universal mechanism. But
until now the mechanisms of these structural transfor-
mations and the physics behind them remain unclear.

Our motivations in this paper are twofold. First, in
Sec. 2, we present detailed systematic studies of struc-
tural transformations in thin liquid crystal films with
the SmC-to-hexatic phase transition. We go one step
further with respect to the results already known (see,
e.g., [3-6]) in our investigation of all possible structures
in one material (50.6) at the variation of temperature
and thickness. In addition, in Sec. 3, we rationalize
and interpret our observations in the framework of a
simple phenomenological model that includes the min-
imal number of ingredients, i.e., it is just at the border
between under-fitting models (those that do not ex-
plain the data well) and over-fitting models (those that
fit the data too well by using too many parameters).
Although our model is a toy model in the sense of cari-
caturizing some physical features, when properly inter-
preted, it can yield quite reasonable values for a variety
of measured quantities. A more realistic model would
not affect our conclusions much, and transparency of
treatment is worth a simplification. The concluding
section is used to briefly summarize our results and to
augment their discussion.

2. OBSERVATIONS

The measurements were made on the Schiff’s-
base compound 4-n-hexyl-N-[4-n-pentyloxy-benzilide-
nel-aniline (50.6). The sequence of phase transitions
in the bulk sample is SmA—(50.5°C)-SmC—(49.5°C)—
HSmB. Below the HSmB phase, the transition to
a tilted hexatic structure (SmF') occurs in the bulk
sample. Free-standing films were prepared by dra-
wing the liquid crystal in a smectic phase across a
circular 4mm hole in a thin glass plate. The exper-
imental set-up enabled simultaneous optical observa-
tions and reflectivity measurements. The thickness
of the film was determined by the reflected inten-
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Fig.1. Temperatures of transitions observed in 50.6

films of different thickness. The high-temperature state

corresponds to the SmC' phase. Filled symbols denote

structural transitions and open symbols denote transi-

tions associated with change of the director orientation

in the film. In thick films (N = 17), an additional tran-

sition to the SmT} state takes place (filled diamond)
with a texture typical for the SmF phase

sity from the film in the «backward» geometry [7].
Observations of the film structure and phase tran-
sitions were made using polarized-light reflected mi-
croscopy (PRLM) and depolarized-light reflected mi-
croscopy (DRLM) [8]. The images were recorded by
a CCD camera. The orientational order parameter
P, = (3(cos?a) — 1) /2 [9] was determined by opti-
cal absorption measurements. At cooling, P> changes
from 0.75 to 0.8 in the SmA phase, is about 0.82 in
Sm(C', and increases up to 0.92 in the hexatic phase.

We performed investigations of thin smectic films
starting from the thickness of 2 molecular layers. Fig-
ure 1 shows the temperatures of the transitions in the
films. Similar symbols denote the temperatures of the
transitions between similar structures in the films of
different thickness. The high-temperature part of the
phase diagram corresponds to the SmC' structure. As
was established previously [10], the SmC-SmA phase
transition in free-standing films is essentially shifted to
higher temperatures with respect to the bulk samples.
The texture of the film is characterized by a smooth
spatial variation of the c-director (Fig. 2a). The pic-
ture was taken in the part of the film with a point
topological defect, which is typical just for the SmC
phase.

Upon cooling of the SmC film, the first phase tran-
sition (filled circles, the transition into the SmT; state,
Fig. 1) leads to an abrupt change in the film texture
(Fig. 2b). In liquid crystalline materials with the bulk



P. V. Dolganov, K. I. Belov, V. K. Dolganov et al.

MWITD, Tom 129, Bem. 4, 2006

Fig.2. High-temperature textures in a 7-layer film: SmC, T = 60.1°C (a), SmTy, T = 59.2°C (b). In frame (a), a point
topological defect with characteristic brushes is observed. DRLM. The horizontal size of the frames is about 420 um

hexatic phases, the higher-temperature transition is as-
sociated with the phase transition of the surface layers
into the hexatic structure [1, 2]. In thick films, the
high-temperature shift of the transition with respect
to the phase transition temperature into the HSmB
structure in the bulk sample is about 9 °C. This value
is approximately the same as for the HSmB-Sm A tran-
sition [1, 2]. A different situation is observed for thin
films. For the SmA phase, the shift of the transition in
the 2-layer film with respect to thick films does not ex-
ceed 2°C, but in our case, this shift is essentially larger
(more than 6 °C). Below the transition, the film con-
sists of domains with different c-director orientations
and sharp boundaries between them (Fig. 2b). Such
a texture may be expected for a tilted hexatic phase
in which the c-director has a discrete set of orienta-
tions and correspondingly sharp boundaries between
domains. However, it is not typical for the SmC' struc-
ture, which exists in the interior of the film. For the
films with N > 5, the view of the films is mainly deter-
mined by the SmC structure of the film interior. Thus,
we conclude that the SmC' structure inside the film dif-
fers sufficiently from the conventional SmC' structure.
Sharp boundaries between the domains suggest that
the break of the c-director orientation occurs not only
in the surface layers (i.e., in the hexatic state) but also
inside the film (i.e., in the SmC' state) at the domain
boundary. The question arises about the nature of the
boundary between the domains inside the film. These
peculiarities of the SmC' structure inside the film be-
come extremely essential after the next transition (open
squares in Fig. 1).

At the next transition (into the SmT5 state, Figs. 1
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and 3), the domains break up into narrow parallel
stripes with alternating brightness and sharp bound-
aries. According to Refs. [3, 4], the surface layers trans-
form under this transition into a so-called SmL phase,
in which the tilt plane is oriented in the hexatic struc-
ture at the angle 15° to the direction of the hexatic
bond orientational order. In this structure, 12 equiva-
lent (i.e., having the same energy) orientations of the
tilt plane are possible. Our optical measurements con-
firm that the difference in the c-director orientation in
the neighboring stripes is about 30° (£5°) with two
symmetric orientations of the c-director relative to the
stripe boundary ¢ = £15° (Fig. 4a—). The direction
of the hexatic bond orientational order does not change
across the stripes (along the x axis), while the direction
of the tilt plane changes at the stripe boundary. Inside
the film, in the SmC structure, there is also a break in
the c-director orientation. In contrast to this, a smooth
change in the stripe orientation along domains is con-
nected with a change in the direction of the bond ori-
entational order, while the orientation of the c-director
relative to the bond orientational order is preserved.
The inset in Fig. 3a clarifies the periodic stripe struc-
ture, in particular, in the region of the contact between
two stripe domains. The stripe period increases with
decreasing the temperature (Fig. 5). When the stripe
period achieves the value about 13-15 ym upon cool-
ing, the stripe width increases sharply and the struc-
ture becomes aperiodic. Open triangles in Fig. 1 show
the temperatures of this transition.

In the SmTj5 region (Fig. 1), the film texture may
be different (Fig. 3b,¢ and Fig. 6a) and is similar in
many aspects to the material with hexatic phases ob-
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Fig.3. A state with narrow periodic stripes, T = 55°C, N = 7 (a). Inset: stripes in the same film after cooling to

T = 52.3°C. A structure with linear aperiodic domains, T = 51.3°C, N = 17 (b). A honeycomb texture may form on

cooling in a narrow temperature range (c), T = 50.8 °C, N = 7. The horizontal size of frames (a) and (b) is about 720 pum,
frame (¢) — 480 um, and inset 160 um, — DRLM
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of the experimental data using Eqgs. (3)—(6) with the

parameters £o/d = 0.5, \o/K = 0.95 (um)~', and
¢/K =0.61 (um)~!

Fig.4. Schematic representation of the stripe struc-
ture. Stripes are oriented along the y axis. (a) Mo-
nodomain state (SmF). (b) In the SmL phase, the
c-director may have two orientations with respect to
the bond orientational order (o = +£15°). (¢) Net ori-
entation of the c-director in the stripes with a jump in
the director orientation at the stripe boundary (SmT5 served earlier in SmC films [3-6]. However, the transi-
state, Fig. 3a). The structure of the SmC top (d) and tion temperatures between different textures are hardly
bottom (e) layers of the film in the stripe state reproducible. Moreover, as a rule, the low-temperature
texture (Fig. 6a) transforms at heating directly into

the state with periodic stripes (Fig. 3a). Therefore, in
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the phase diagram (Fig. 1), we indicate only the tran-
sition temperature between periodic stripe and ape-
riodic structures (open triangles in Fig. 1). The do-
main structure shown in Fig. 3b is formed on cooling
from the narrow periodic stripes through their broad-
ening. This picture (Fig. 3b) was obtained by means
of depolarized-light reflection microscopy. The domain
boundaries with the same brightness are oriented at
about 45° with respect to the polarizers. This mani-
fests the fact that orientations of the c-director in the
neighboring domains are symmetric with respect to the
domain boundary. Measurements with crossed polar-
izes prove that the c-director in the domains is oriented
at the angles £15° with respect to the domain bound-
ary. Therefore, the structure of wide domains (Fig. 3b)
is similar to the narrow periodic stripes (Fig. 3a). The
honeycomb texture (Fig. 3¢) forms from the line do-
mains (Fig. 3a) and exists only in a small temperature
range (less than 0.5°C). More typical textures in the
SmT5 state are domains with a continuous change in
the c-director orientation across the domains (the up-
per part of Fig. 6a) or large domains (the lower part
of Fig. 6a), also with a continuous variation in the c-
director orientation. In thin films, this structure can be
cooled to low temperatures (less than 40°C). In thick
films (N > 10), a reversible phase transition is ob-
served with formation of the texture shown in Fig. 6c.
This texture is typical for the tilted SmF phase. In the
limit of very thick films (N > 100), crossed domains
may be formed (Fig. 6b) below the surface phase tran-
sition temperature. Two independent sets of domains
are formed at both film surfaces. Formation of these
independent structures in thick films may indicate that
the surface correlation length &g is less than about 50
smectic interlayer periods.

3. THEORETICAL INTERPRETATION

To provide a more complete account of the phenom-
ena described in the previous section, it seems appro-
priate to discuss how the observed results can be consis-
tently modeled theoretically. Without prior knowledge
of the actual structure, we assume the simplest model
to answer the natural questions of why the phase tran-
sitions in materials with SmA and SmC' phases are so
different and what kind of mechanisms are responsible
for the formation of the periodic stripe structure and
its temperature dependence. From our experimental
observations, a few conclusions about the qualitative
features of the film structures and their transforma-
tions seem inescapable.

First, formation of the periodic stripes (Fig. 3a) is
related to the structure of the surface layers. In the
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higher-temperature SmT; state, the c-director is ori-
ented along one direction (Fig. 4a) in the middle be-
tween apexes of the SmF phase hexagon. In the SmL
phase, the energy minimum splits and the c-director
may orient in two directions [3, 4] corresponding to two
equivalent energy minima (£15° with respect to the
initial orientation, Fig. 4a,b). As is known, competing
attractive and repulsive interactions generate domain
patterns in a wide variety of systems [11]. Forma-
tion of a periodic structure is a signature of instability
that arises from a competition between two antagonis-
tic fields, and also indicates that above some thresh-
old, a modulated state has a lower energy than the
uniform one. In liquid crystals, this scenario is often
related to the existence of electric polarization and a
certain competition between the long-range forces (the
electric and elastic ones). In the thin film under con-
sideration, the electric polarization may appear due to
a nonuniform profile of the order parameter induced by
the film surface and also because the surface layers are
in the hexatic phase. This polarization P; is longitu-
dinal (i.e., parallel to the tilt plane) and points in the
opposite directions in the upper and lower parts of the
film [12-14]. These interactions (electrostatic and elas-
tic) contribute differently to the energy of alternative
configurations associated with the existence of domain
walls, and may lead to stabilization of the equilibrium
stripe period (as in solid-crystal ferroelectric domains).

In liquid crystal films with the broken polar sym-
metry, there is also another cause of the stripe forma-
tion [15-21]. Indeed, the broken polar symmetry allows
the terms that are linear in the spatial gradients to oc-
cur in the Landau-type free energy expansion. These
terms affect the elastic constants, which may even tend
to zero. In this situation, the free energy of the defect
structure may become more favorable than the uniform
structure. Thus, the uniformly ordered state becomes
unstable with respect to the striped phase with peri-
odic domain walls. The equilibrium modulated struc-
ture arises to optimize the gain in the elastic energy of
the orientational deformation inside the stripes and the
energy cost to have the defect.

In the literature devoted to theoretical descriptions
of the modulated phases in smectic films, models for
polar smectic liquid-crystal films with transverse po-
larization are mostly discussed [16-20]. Apparently,
this is not the case for our system. There are sev-
eral distinctions between the stripes shown in Fig. 3a
(also see their schematic representation in Fig. 4b,c)
and the periodic stripes discussed in [16-21]. First, in
our case, the structure of the surface layers is hexatic
and it dictates the value of director jump at the do-
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Fig.6. Structures formed in films at low temperatures. Aperiodic domains, N =7, T'= 50.8 °C (a). Two sets of crossing

domains in a thick film, N = 200, T = 49.1°C ().

On further cooling, a transition to the SmF' structure occurs (c)

N =17, T = 48.1°C, DRLM. The horizontal size of the images is 374 um

main boundary. Second, the neighboring stripes found
in [16-21] have identical structures, whereas in our
case, the azimuthal molecular orientation in the ad-
jacent stripes differs: the c-director is rotated clock-
wise with respect to the symmetric orientation in the
left stripe (Fig. 4b,¢) and counterclockwise in the right
stripe (Fig. 4b,¢). Next, inside the stripes investigated
in [16-20], the elastic deformation is of the bend type
with the same sign of the bend in all stripes and with
defect walls in which the c-director jumps back. In our
case, the reorientation of the c-director between stripes
is of the splay type. Moreover, there is no visible ori-
entational deformation of the c-director inside stripes
(Fig. 3a). Therefore, care must be taken when compar-
ing published theoretical results with our experimental
data. Below, we examine one important aspect of the
liquid-crystal modulated phase formation that does not
appear to have been investigated in any generality.

In our opinion, the unusual structure of the stripes
we have observed is related to the nature of the geo-
metrical frustration in the films formed by a nonchiral
material. It was recognized quite some time ago that
because of the up—down asymmetry, an achiral smectic
film exhibits polar properties and, in particular, the c-
director may be considered as a true vector (i.e., ¢ and
—c states are not equivalent). In ferroelectric SmC*
phases, the chiral asymmetry favors a bend (,/*—\)

7 KT, Bein. 4

in the c-director AV x ¢. The preferred bend direc-
tion (the sign of the coefficient A\, at the term linear
in spatial derivatives) is determined by the handedness
of the material (or by the direction of the ferroelectric
polarization), which is the same in the whole film.

We argue below that in achiral systems, the insta-
bility arises from a competition between two elastic en-
ergies, the usual quadratic Frank elastic energy, which
favors a uniform orientation of the c-director, and an
additional surface elastic term linear in the ¢ gradient,
which promotes spontaneous splay distortions. The
terms linear in gradients, such as V x ¢, are not al-
lowed by the symmetry. However, in such a film, the
broken chiral symmetry occurs as a result of asymme-
try between the surfaces (having hexatic ordering) and
the interior of the film (which is in the SmC state).
Our measurements show that not only the tilt angle
but also the orientational order parameter Py differ es-
sentially in SmC' and hexatic structures. The surface-
induced term linear in the gradients of ¢ (proportional
to A\sV - ¢) favors a splay deformation ("\1,7) in the ¢
field and has the opposite signs (direction of splay cur-
vature) in the top and bottom parts of the film [3, 15].
The c-director is also the order parameter of the film.
This allows us to describe its macroscopic physics, in
particular, to write its free energy in the spirit of the
Landau theory as
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1 1
F= 5Ks(v e) + 5K,,(v x c)? +

ch4 (1)
The first two terms are the splay and bend elastic ener-
gies, and Frank elastic moduli K and K} are propor-
tional to the film thickness. The last two terms are the
conventional Landau expansion. The third term V-c is
a total derivative that can be transformed to boundary
terms. Therefore, it is relevant only for thin films. For
thick films, another term with the same symmetry can
be constructed,

1
+)\5V-c—|—§Ac2+

M.c?V - c, (2)

and to avoid its reduction to a pure surface contribu-
tion, variations in the ¢ amplitude are needed. These
kinds of contributions to the free energy (terms linear
in the splay distortion V - ¢) lead to formation of the
unusual modulated structure we have observed in this
work.

If the molecules forming the system carried perma-
nent dipole moments g with a nonvanishing component
along the direction ¢, then the phase would exhibit
a spontaneous electric polarization P. This sponta-
neous polarization is proportional to the polar order
parameter. For simplicity and for the lack of differ-
ent compelling indications from the experimental part
of our work, the dipolar forces are neglected in the
stripe period estimation below. It might be the case
if the molecules involved have relatively large shape
anisotropy (and not large electric dipole moment), and
ionic impurities screen the Coulomb interaction. This
is not the whole story, however. In order to obtain the
correct structure of the splay phase, one has to take the
complete order parameter, including the modulus |c|,
into account. There is a price to be paid, because |c|
cannot be constant where the splay is constant. Indeed,
in two-dimensionals, a splay distortion of the orienta-
tion cannot occur in a defect-free fashion. Instead, to
relieve this frustration, the system forms a modulated
phase consisting of a regular network of defect walls
and points.

It is interesting and tempting to hypothesize the
following stripe structure satisfying such kind of sym-
metry breaking. The uniform SmC structure of the top
part of the film breaks up into finite regions with a splay
deformation of the c-director (Fig. 4d). Regions with
the same favorable sign of the splay (counterclockwise
in Fig. 4d) are separated by defect lines in which the
c-director abruptly rotates back. In the bottom part of
the film (Fig. 4e), the c-director rotation occurs in the
opposite direction (clockwise). The lines in which the
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c-director jumps back are shifted in the z-direction by
the stripe period dg; with respect to the top part of the
film (Fig. 4d,e). In this structure, the direction of the
splay modulation in ¢ is favorable on both sides of the
film. Remarkably, the net magnitude of the c-director
orientation ¢ across the film is constant in each stripe
in the agreement with our experimental data. Their
values ¢ = +15° are dictated by the structure of the
surface SmL phase. To be stable, a splay-modulated
structure has to overcome the unfavorable core defect
energy (¢) and the ordinary nematic order parameter
contribution. In the zeroth approximation, the periodic
stripe phase exists when the gain in the surface elas-
ticity energy exceeds the domain wall energy . Com-
petition between these energies determines the stripe
width as [15]

Dst ~

As — &’ 3)
where K = (K + K;)/2 is the mean Frank constant.
In the temperature window T' > T¢ (where T¢ is the
bulk SmC-HSmB transition temperature) in which we
are interested, the main temperature-dependent factor
in (3) is Ag. The very existence of this linear splay dis-
tortion is due to the asymmetry of the order parameter
profile over the film. Induced by the surface ordering
U, the hexatic (bond) order parameter ¥ decays to-
ward the interior of the film as

chl(z — L)/¢]
ch(L/§)
where L = Nd is the film thickness, d is the layer

thickness, and ¢ is the bulk phase transition correla-
tion length

U(z) x ¥, (4)

~ £o
V(T =To)]Te’

with & denoting the bare microscopic correlation
length. The asymmetry of the profile ¥ determines
the value of the parameter Ag,

§ (5)

As = Ao th L ,
3

and the transition from the homogeneous to the mod-
ulated phase occurs if the asymmetry is suffuciently
strong (see (3)). Equations (3)—(6) allow comparing
the experimental dependence of the stripe period on
temperature (Fig. 5) with theory and determining the
parameters of the theory, namely A\g/K and /K. We
took & /d = 0.5 and treated \g/K and /K as the fit-
ting parameters. The solid line in Fig. 5 corresponds

(6)
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to A\o/K = 0.95 (um)~! and ¢/K = 0.61 (um) !
Thus determined, A\g/K and ¢/K allow us to make
the following estimations. Using the value of the
splay elastic constant K in smectic liquid crystals
3-107°% erg/cm [22], we obtain \g = 2.9-10"2 erg/cm?
and ¢ = 1.8 - 1072 erg/cm?. These values of \g and
¢ denote the energy per unit thickness. For films, Ag
and e must be multiplied by L. We note that for thin
films, the continuous approximation used in (4)—(6) is
not completely correct and the above values of \g and
¢ should be considered as estimations. For a more pre-
cise analysis, discrete models of smectic films must be
used. We finish with the conclusion that the stripe
phase (soliton regime) appears spontaneously on cool-
ing and then the distortion period increases with de-
creasing the temperature. The theoretical considera-
tion conforms to our experimental observations.

We observe complex phase behavior with various
equilibrium structures. A separate question how to cal-
culate all equilibrium structures of a specific system re-
quires full minimization of the global free energy, and
it depends on the unknown phenomenological Landau
expansion coefficients. We do not even attempt the cal-
culation of such a complex phase diagram in this pa-
per, but content ourselves with one remark. Modulated
phases we found have nonuniform density or orientation
distributions, that is to say, their symmetry is that of
a solid or a liquid crystal. The difference between the
phases that appear under the name of modulated struc-
tures, on the one hand, and solids or liquid crystals on
the other hand, is that the modulation period in the
former is generally larger than in the latter.

4. CONCLUSION

It is not a major goal of this work to achieve quan-
titative agreement between the results obtained with
our phenomenological model and experimental mea-
surements. However, because the present understand-
ing of the mechanism leading to modulated structures
in achiral tilted hexatic films is incomplete, the model
may be an appropriate tool for working out typical
trends that may be testable in experiments. In this
paper, we have presented results of studies of struc-
tural transformations in thin liquid-crystal films with
the transition from the smectic-C' (SmC') to hexatic
(HSmB) phase, and their interpretation within a sim-
ple phenomenological model. The free energy was writ-
ten in the simplest form that involves the least num-
ber of model parameters, and we have shown that this
simple model can capture many features seen in ex-

periment. Our interpretation of the results is based
on the simple consideration that because of the up—
down asymmetry, the achiral smectic film exhibits po-
lar properties. One note of caution is in order here. In
fact, the structure of any SmC' phase is inherently polar
because the tilt singles out a unique direction about the
layer normal v (although the directors n and —n are
physically indistinguishable). Therefore, in the SmC
structure, one may have the pseudo-vector

1= (v xn)(vn). (7)

Obviously, 1is perpendicular to the tilt plane, and this
kind of polarity (along the pseudo-vector 1) is of a fun-
damentally different nature compared with the polarity
along c that we investigated in this paper. Indeed, the
1 polarity is compatible with mirror symmetry in the
tilt plane, whereas the polar splay distortion responsi-
ble for the stripe structure changes its sign under such
a mirror reflection.

A question of primary importance is to understand
the origin of the thermodynamic behavior we found in
this work. It is well known [23] that for a film with
the uniform ordering (like nematic or ferromagnetic),
when the interaction at the boundaries is such that it
enhances local order, a surface transition may occur
at temperatures above the critical temperature of the
bulk. In such a transition, the layers close to the sur-
face become ordered, although the bulk remains disor-
dered. Depending on the nature of the interactions be-
tween the bulk and the surface, the system may exhibit
various surface phase transitions, for instance, wetting
transitions. In that case, at temperatures just below
the bulk transition, the thickness of the surface-ordered
layer is infinite. But nonuniformly ordered (modulated)
systems do not necessarily exhibit wetting phenomena
in which the thickness of the surface-ordered layer di-
verges. Instead, the system might exhibit a transition
from one surface state to another, where both surface
states have a finite thickness [11]. Because we con-
sider modulated (nonuniform) structures in this work,
the aforesaid arguments provide a physically appealing
thermodynamic interpretation of our results.

First of all, because we deal with films, the basic
thermodynamics of phase transitions should be formu-
lated for this kind of restricted geometry. Such a prob-
lem was discussed for various systems long ago, and the
results borrowed from textbooks [23, 24] are as follows.
In a film of thickness L, the thermodynamic potential
G per unit area is

G
— =—pL+2
A p 7 (8)

7*
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where v is the surface free energy, p is the bulk pres-
sure, and A is the area. We let the surface free energies
of the smectic C' and hexatic phases be denoted by ~v¢&
and vg respectively. The Laplace condition then yields

(9)

where 6 is the contact angle between SmC and hexatic
phases and yo_p is the surface energy at the inter-
face. In the bulk, the coexistence temperature T is
determined by the equilibrium condition

Yo =Y + Yo —H cosb,

pc(Te) = pu(Tc). (10)
In a film of a finite thickness L,
Ty =Tc+ AT(L), (11)
and from Go = Gy we find
~pu(Tn) + 22 = —pe(Tp) + 222 (1)
Because
p=p(Tc) + S(Tc)AT (13)
(where S is the entropy), we obtain
AT(L) = 2(ve ZQVH)TO 7 (14)

and @Q = To(Se — Sg) is the latent heat at the bulk
transition. Equation (14) can be equivalently expressed
(see (9)) as

AT(L) = QTO'yOL,é{ cosf

However, in (14), we did not consider the interaction
II(L) [25] between the film surfaces (or between the
walls). Repeating the same thermodynamical analysis,
we obtain an equation of the same kind but with the
surface energy v renormalized by the disjoining pres-
sure pq [25],

(15)

25%(L) = 2y + Lpg +1I.. (16)

According to (15), at the contact angle § = 0, the
HSmB phase is favored near the boundary and 6 = T,
the SmC phase is favored, and the intermediate values
of 8 apply to intermediate structures. In any case, for
a finite film thickness, there are two possible scenarios
depending on the film thickness. In one scenario, the
phase transition occurs before the surface HSmB layer
has had a chance to grow thick. In the other scenario,
a phase transition can occur at a temperature at which
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the HSmB thickness at the surface is already larger
than the sample thickness L.

Clearly, there are several open questions and future
challenges. One of them is related to dipolar forces. In-
deed, because the molecules are tilted and the interface
and the interior symmetry of the film are different from
each other, the film has only one symmetry element,
the vertical mirror plane, which is perpendicular to the
film and parallel to the molecules. The film is therefore
equivalent to a two-dimensional polar nematic, and it
bears an electric polarization. If this polarization is
small compared to the elastic energies involved, our
arguments given above apply. On the other hand, if
electric energies dominate, another kind of texture can
be stable, because all splay centers act as charge cen-
ters, and a lattice of several small charges is then more
stable than one big charge. Another interesting ques-
tion is how to tune parameters of the various modulated
structures to optimize properties of technological inter-
est. For instance, a wide area of research is clearly the
problem to what extent the investigated systems can
be useful to achieve interesting electro-optical proper-
ties. The treatment above can be generalized to more
realistic systems (e.g., dipolar forces including), with
the same conceptual ingredients, albeit at the expense
of a rapidly increasing complexity.
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