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We present detailed systemati studies of stru tural transformations in thin liquid- rystal lms with the transition from the sme ti -C (SmC ) to hexati (HSmB ) phase. For the rst time, all possible stru tures reported
in the literature are observed for one material (5O:6) at the variation of temperature and thi kness. In unusual
modulated stru tures, the equilibrium period of stripes is twi e the domain size. We interpret these patterns
in the framework of a phenomenologi al Landau-type theory, as equilibrium phenomena produ ed by a natural
geometri frustration in a system having spontaneous splay distortion.
PACS: 61.30.Eb, 64.70.Md, 68.15.+e

1. INTRODUCTION

Spontaneous formations of spatial patterns arise in
a wide variety of dynami al pro esses. Even more spe ta ularly they are observed in equilibrium situations
involving uids, solids, and liquid rystals. Espe ially
remarkable are free standing sme ti lms, in whi h
the inuen e of underlying substrates (often dominating in other systems) an be avoided. These systems
provide a realization of many models des ribing diverse
apparently disparate physi al phenomena (phase transitions, frustrations, ferro-ele tri ity, and magnetism),
and an opportunity to study the rossover from two-dimensional to bulk behavior by drawing lms of in reasing thi kness.
For liquid rystal materials with phase sequen es
in bulk samples HSmB (or rystalline CrB )SmA the
* E-mail:
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phase transformations in thin free-standing lms are
well studied presently [1, 2℄. At a temperature TS 1 that
is about 10 Æ C above the bulk transition point TC , the
phase transition o urs only in surfa e sme ti layers.
The interior layers remain in the SmA phase. Below
TS1 , there are no phase transitions up to the temperature slightly above TC . The next transition in the
nearest-to-surfa e layer o urs at the temperature TS 2
about 1 Æ C above TC . A sequen e of dis rete layer-bylayer transitions on ooling may onstitute from 2 to
5 transitions. In thi k lms, the transition of the whole
lm into the low-temperature phase o urs at T  TC .
A few words on the nomen lature of tilted hexati
sme ti s (usually labeled as SmF , SmI ) may be helpful here. The tilt dire tion is along the lo al bonds
in the SmI phase, halfway between two lo al bonds in
the SmF phase, and lies at an intermediate angle in
SmL phases. Transitions in the lms of tilted sme ti s
in whi h the high-temperature bulk phase is SmC and
700
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the low-temperature phase is tilted hexati o ur in an
essentially dierent way [36℄. In this ase, no sequen e
of dis rete layer-by-layer transitions is observed. After
the surfa e transition into the hexati stru ture, the
transformation of the lm stru ture on ooling ontinues in a broad temperature range. Several hara teristi temperatures Ti may be identied at whi h
qualitative hanges of the lm texture o ur. Similar
stru ture and texture transformations were observed in
several sme ti materials [36℄. Therefore, one may expe t that these transformations have ommon physi al
nature and o ur through a universal me hanism. But
until now the me hanisms of these stru tural transformations and the physi s behind them remain un lear.
Our motivations in this paper are twofold. First, in
Se . 2, we present detailed systemati studies of stru tural transformations in thin liquid rystal lms with
the SmC -to-hexati phase transition. We go one step
further with respe t to the results already known (see,
e.g., [36℄) in our investigation of all possible stru tures
in one material (5O:6) at the variation of temperature
and thi kness. In addition, in Se . 3, we rationalize
and interpret our observations in the framework of a
simple phenomenologi al model that in ludes the minimal number of ingredients, i.e., it is just at the border
between under-tting models (those that do not explain the data well) and over-tting models (those that
t the data too well by using too many parameters).
Although our model is a toy model in the sense of ariaturizing some physi al features, when properly interpreted, it an yield quite reasonable values for a variety
of measured quantities. A more realisti model would
not ae t our on lusions mu h, and transparen y of
treatment is worth a simpli ation. The on luding
se tion is used to briey summarize our results and to
augment their dis ussion.

2. OBSERVATIONS

The measurements were made on the S hi'sbase ompound 4-n-hexyl-N-[4-n-pentyloxy-benzilidene℄-aniline (5O:6). The sequen e of phase transitions
in the bulk sample is SmA(50.5 Æ C)SmC (49.5 Æ C)
HSmB . Below the HSmB phase, the transition to
a tilted hexati stru ture (SmF ) o urs in the bulk
sample. Free-standing lms were prepared by drawing the liquid rystal in a sme ti phase a ross a
ir ular 4 mm hole in a thin glass plate. The experimental set-up enabled simultaneous opti al observations and ree tivity measurements. The thi kness
of the lm was determined by the ree ted inten-
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Fig. 1. Temperatures of transitions observed in 5O:6
lms of dierent thi kness. The high-temperature state
orresponds to the SmC phase. Filled symbols denote
stru tural transitions and open symbols denote transitions asso iated with hange of the dire tor orientation
in the lm. In thi k lms (N = 17), an additional transition to the SmT4 state takes pla e (lled diamond)
with a texture typi al for the SmF phase

sity from the lm in the ba kward geometry [7℄.
Observations of the lm stru ture and phase transitions were made using polarized-light ree ted miros opy (PRLM) and depolarized-light ree ted miros opy (DRLM) [8℄. The images were re orded by
a CCD amera. The
orientational order parameter
P2 = 3 os2
1 =2 [9℄ was determined by optial absorption measurements. At ooling, P2 hanges
from 0.75 to 0.8 in the SmA phase, is about 0.82 in
SmC , and in reases up to 0.92 in the hexati phase.
We performed investigations of thin sme ti lms
starting from the thi kness of 2 mole ular layers. Figure 1 shows the temperatures of the transitions in the
lms. Similar symbols denote the temperatures of the
transitions between similar stru tures in the lms of
dierent thi kness. The high-temperature part of the
phase diagram orresponds to the SmC stru ture. As
was established previously [10℄, the SmC SmA phase
transition in free-standing lms is essentially shifted to
higher temperatures with respe t to the bulk samples.
The texture of the lm is hara terized by a smooth
spatial variation of the -dire tor (Fig. 2a). The pi ture was taken in the part of the lm with a point
topologi al defe t, whi h is typi al just for the SmC
phase.
Upon ooling of the SmC lm, the rst phase transition (lled ir les, the transition into the SmT1 state,
Fig. 1) leads to an abrupt hange in the lm texture
(Fig. 2b). In liquid rystalline materials with the bulk
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High-temperature textures in a 7-layer lm: SmC , T = 60:1 Æ C (a), SmT1 , T = 59:2 Æ C (b). In frame (a), a point
topologi al defe t with hara teristi brushes is observed. DRLM. The horizontal size of the frames is about 420 m

Fig. 2.

hexati phases, the higher-temperature transition is asso iated with the phase transition of the surfa e layers
into the hexati stru ture [1, 2℄. In thi k lms, the
high-temperature shift of the transition with respe t
to the phase transition temperature into the HSmB
stru ture in the bulk sample is about 9 Æ C. This value
is approximately the same as for the HSmB SmA transition [1, 2℄. A dierent situation is observed for thin
lms. For the SmA phase, the shift of the transition in
the 2-layer lm with respe t to thi k lms does not exeed 2 Æ C, but in our ase, this shift is essentially larger
(more than 6 Æ C). Below the transition, the lm onsists of domains with dierent -dire tor orientations
and sharp boundaries between them (Fig. 2b). Su h
a texture may be expe ted for a tilted hexati phase
in whi h the -dire tor has a dis rete set of orientations and orrespondingly sharp boundaries between
domains. However, it is not typi al for the SmC stru ture, whi h exists in the interior of the lm. For the
lms with N > 5, the view of the lms is mainly determined by the SmC stru ture of the lm interior. Thus,
we on lude that the SmC stru ture inside the lm differs su iently from the onventional SmC stru ture.
Sharp boundaries between the domains suggest that
the break of the -dire tor orientation o urs not only
in the surfa e layers (i.e., in the hexati state) but also
inside the lm (i.e., in the SmC state) at the domain
boundary. The question arises about the nature of the
boundary between the domains inside the lm. These
pe uliarities of the SmC stru ture inside the lm beome extremely essential after the next transition (open
squares in Fig. 1).
At the next transition (into the SmT2 state, Figs. 1

and 3), the domains break up into narrow parallel
stripes with alternating brightness and sharp boundaries. A ording to Refs. [3, 4℄, the surfa e layers transform under this transition into a so- alled SmL phase,
in whi h the tilt plane is oriented in the hexati stru ture at the angle 15Æ to the dire tion of the hexati
bond orientational order. In this stru ture, 12 equivalent (i.e., having the same energy) orientations of the
tilt plane are possible. Our opti al measurements onrm that the dieren e in the -dire tor orientation in
the neighboring stripes is about 30Æ (5Æ ) with two
symmetri orientations of the -dire tor relative to the
stripe boundary ' = 15Æ (Fig. 4a ). The dire tion
of the hexati bond orientational order does not hange
a ross the stripes (along the x axis), while the dire tion
of the tilt plane hanges at the stripe boundary. Inside
the lm, in the SmC stru ture, there is also a break in
the -dire tor orientation. In ontrast to this, a smooth
hange in the stripe orientation along domains is onne ted with a hange in the dire tion of the bond orientational order, while the orientation of the -dire tor
relative to the bond orientational order is preserved.
The inset in Fig. 3a laries the periodi stripe stru ture, in parti ular, in the region of the onta t between
two stripe domains. The stripe period in reases with
de reasing the temperature (Fig. 5). When the stripe
period a hieves the value about 1315 m upon ooling, the stripe width in reases sharply and the stru ture be omes aperiodi . Open triangles in Fig. 1 show
the temperatures of this transition.
In the SmT3 region (Fig. 1), the lm texture may
be dierent (Fig. 3b, and Fig. 6a) and is similar in
many aspe ts to the material with hexati phases ob702
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A state with narrow periodi stripes, T = 55 Æ C, N = 7 (a). Inset: stripes in the same lm after ooling to
T = 52:3 Æ C. A stru ture with linear aperiodi domains, T = 51:3 Æ C, N = 17 (b). A honey omb texture may form on
ooling in a narrow temperature range ( ), T = 50:8 Æ C, N = 7. The horizontal size of frames (a) and (b) is about 720 m,
frame ( )  480 m, and inset 160 m,  DRLM

Fig. 3.
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Fig. 4.
S hemati representation of the stripe stru ture. Stripes are oriented along the y axis. (a) Monodomain state (SmF ). (b) In the SmL phase, the
-dire tor may have two orientations with respe t to
the bond orientational order (' = 15Æ ). ( ) Net orientation of the -dire tor in the stripes with a jump in
the dire tor orientation at the stripe boundary (SmT2
state, Fig. 3a). The stru ture of the SmC top (d) and
bottom (e) layers of the lm in the stripe state
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Fig. 5. Temperature dependen e of the stripe period in
a four-layer lm. The period monotoni ally in reases
with de reasing temperature. The solid line is a t
of the experimental data using Eqs. (3)(6) with the
parameters 0 =d = 0:5, 0 =K = 0:95 (m) 1 , and
"=K = 0:61 (m) 1

served earlier in SmC lms [36℄. However, the transition temperatures between dierent textures are hardly
reprodu ible. Moreover, as a rule, the low-temperature
texture (Fig. 6a) transforms at heating dire tly into
the state with periodi stripes (Fig. 3a). Therefore, in
703
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the phase diagram (Fig. 1), we indi ate only the transition temperature between periodi stripe and aperiodi stru tures (open triangles in Fig. 1). The domain stru ture shown in Fig. 3b is formed on ooling
from the narrow periodi stripes through their broadening. This pi ture (Fig. 3b) was obtained by means
of depolarized-light ree tion mi ros opy. The domain
boundaries with the same brightness are oriented at
about 45Æ with respe t to the polarizers. This manifests the fa t that orientations of the -dire tor in the
neighboring domains are symmetri with respe t to the
domain boundary. Measurements with rossed polarizes prove that the -dire tor in the domains is oriented
at the angles 15Æ with respe t to the domain boundary. Therefore, the stru ture of wide domains (Fig. 3b)
is similar to the narrow periodi stripes (Fig. 3a). The
honey omb texture (Fig. 3 ) forms from the line domains (Fig. 3a) and exists only in a small temperature
range (less than 0:5 Æ C). More typi al textures in the
SmT3 state are domains with a ontinuous hange in
the -dire tor orientation a ross the domains (the upper part of Fig. 6a) or large domains (the lower part
of Fig. 6a), also with a ontinuous variation in the dire tor orientation. In thin lms, this stru ture an be
ooled to low temperatures (less than 40 Æ C). In thi k
lms (N > 10), a reversible phase transition is observed with formation of the texture shown in Fig. 6 .
This texture is typi al for the tilted SmF phase. In the
limit of very thi k lms (N > 100), rossed domains
may be formed (Fig. 6b) below the surfa e phase transition temperature. Two independent sets of domains
are formed at both lm surfa es. Formation of these
independent stru tures in thi k lms may indi ate that
the surfa e orrelation length S is less than about 50
sme ti interlayer periods.
3. THEORETICAL INTERPRETATION

To provide a more omplete a ount of the phenomena des ribed in the previous se tion, it seems appropriate to dis uss how the observed results an be onsistently modeled theoreti ally. Without prior knowledge
of the a tual stru ture, we assume the simplest model
to answer the natural questions of why the phase transitions in materials with SmA and SmC phases are so
dierent and what kind of me hanisms are responsible
for the formation of the periodi stripe stru ture and
its temperature dependen e. From our experimental
observations, a few on lusions about the qualitative
features of the lm stru tures and their transformations seem ines apable.
First, formation of the periodi stripes (Fig. 3a) is
related to the stru ture of the surfa e layers. In the
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higher-temperature SmT1 state, the -dire tor is oriented along one dire tion (Fig. 4a) in the middle between apexes of the SmF phase hexagon. In the SmL
phase, the energy minimum splits and the -dire tor
may orient in two dire tions [3, 4℄ orresponding to two
equivalent energy minima (15Æ with respe t to the
initial orientation, Fig. 4a,b). As is known, ompeting
attra tive and repulsive intera tions generate domain
patterns in a wide variety of systems [11℄. Formation of a periodi stru ture is a signature of instability
that arises from a ompetition between two antagonisti elds, and also indi ates that above some threshold, a modulated state has a lower energy than the
uniform one. In liquid rystals, this s enario is often
related to the existen e of ele tri polarization and a
ertain ompetition between the long-range for es (the
ele tri and elasti ones). In the thin lm under onsideration, the ele tri polarization may appear due to
a nonuniform prole of the order parameter indu ed by
the lm surfa e and also be ause the surfa e layers are
in the hexati phase. This polarization Pl is longitudinal (i.e., parallel to the tilt plane) and points in the
opposite dire tions in the upper and lower parts of the
lm [1214℄. These intera tions (ele trostati and elasti ) ontribute dierently to the energy of alternative
ongurations asso iated with the existen e of domain
walls, and may lead to stabilization of the equilibrium
stripe period (as in solid- rystal ferroele tri domains).
In liquid rystal lms with the broken polar symmetry, there is also another ause of the stripe formation [1521℄. Indeed, the broken polar symmetry allows
the terms that are linear in the spatial gradients to o ur in the Landau-type free energy expansion. These
terms ae t the elasti onstants, whi h may even tend
to zero. In this situation, the free energy of the defe t
stru ture may be ome more favorable than the uniform
stru ture. Thus, the uniformly ordered state be omes
unstable with respe t to the striped phase with periodi domain walls. The equilibrium modulated stru ture arises to optimize the gain in the elasti energy of
the orientational deformation inside the stripes and the
energy ost to have the defe t.
In the literature devoted to theoreti al des riptions
of the modulated phases in sme ti lms, models for
polar sme ti liquid- rystal lms with transverse polarization are mostly dis ussed [1620℄. Apparently,
this is not the ase for our system. There are several distin tions between the stripes shown in Fig. 3a
(also see their s hemati representation in Fig. 4b, )
and the periodi stripes dis ussed in [1621℄. First, in
our ase, the stru ture of the surfa e layers is hexati
and it di tates the value of dire tor jump at the do704
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Ò
Stru tures formed in lms at low temperatures. Aperiodi domains, N = 7, T = 50:8 Æ C (a). Two sets of rossing
domains in a thi k lm, N = 200, T = 49:1 Æ C (b). On further ooling, a transition to the SmF stru ture o urs ( )
N = 17, T = 48:1 Æ C, DRLM. The horizontal size of the images is 374 m

Fig. 6.

main boundary. Se ond, the neighboring stripes found
in [1621℄ have identi al stru tures, whereas in our
ase, the azimuthal mole ular orientation in the adja ent stripes diers: the -dire tor is rotated lo kwise with respe t to the symmetri orientation in the
left stripe (Fig. 4b, ) and ounter lo kwise in the right
stripe (Fig. 4b, ). Next, inside the stripes investigated
in [1620℄, the elasti deformation is of the bend type
with the same sign of the bend in all stripes and with
defe t walls in whi h the -dire tor jumps ba k. In our
ase, the reorientation of the -dire tor between stripes
is of the splay type. Moreover, there is no visible orientational deformation of the -dire tor inside stripes
(Fig. 3a). Therefore, are must be taken when omparing published theoreti al results with our experimental
data. Below, we examine one important aspe t of the
liquid- rystal modulated phase formation that does not
appear to have been investigated in any generality.
In our opinion, the unusual stru ture of the stripes
we have observed is related to the nature of the geometri al frustration in the lms formed by a non hiral
material. It was re ognized quite some time ago that
be ause of the updown asymmetry, an a hiral sme ti
lm exhibits polar properties and, in parti ular, the dire tor may be onsidered as a true ve tor (i.e., and
states are not equivalent). In ferroele tri SmC 
phases, the hiral asymmetry favors a bend (% !&)
7
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in the -dire tor b r  . The preferred bend dire tion (the sign of the oe ient b at the term linear
in spatial derivatives) is determined by the handedness
of the material (or by the dire tion of the ferroele tri
polarization), whi h is the same in the whole lm.
We argue below that in a hiral systems, the instability arises from a ompetition between two elasti energies, the usual quadrati Frank elasti energy, whi h
favors a uniform orientation of the -dire tor, and an
additional surfa e elasti term linear in the gradient,
whi h promotes spontaneous splay distortions. The
terms linear in gradients, su h as r  , are not allowed by the symmetry. However, in su h a lm, the
broken hiral symmetry o urs as a result of asymmetry between the surfa es (having hexati ordering) and
the interior of the lm (whi h is in the SmC state).
Our measurements show that not only the tilt angle
but also the orientational order parameter P2 dier essentially in SmC and hexati stru tures. The surfa eindu ed term linear in the gradients of (proportional
to s r  ) favors a splay deformation (-"%) in the
eld and has the opposite signs (dire tion of splay urvature) in the top and bottom parts of the lm [3, 15℄.
The -dire tor is also the order parameter of the lm.
This allows us to des ribe its ma ros opi physi s, in
parti ular, to write its free energy in the spirit of the
Landau theory as
705
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= 21 Ks(r  )2 + 12 Kb(r  )2 +
+ s r  + 21 A 2 + 41 B
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The rst two terms are the splay and bend elasti energies, and Frank elasti moduli Ks and Kb are proportional to the lm thi kness. The last two terms are the
onventional Landau expansion. The third term r is
a total derivative that an be transformed to boundary
terms. Therefore, it is relevant only for thin lms. For
thi k lms, another term with the same symmetry an
be onstru ted,

0s

2

r ;

(2)

and to avoid its redu tion to a pure surfa e ontribution, variations in the amplitude are needed. These
kinds of ontributions to the free energy (terms linear
in the splay distortion r  ) lead to formation of the
unusual modulated stru ture we have observed in this
work.
If the mole ules forming the system arried permanent dipole moments  with a nonvanishing omponent
along the dire tion , then the phase would exhibit
a spontaneous ele tri polarization P. This spontaneous polarization is proportional to the polar order
parameter. For simpli ity and for the la k of dierent ompelling indi ations from the experimental part
of our work, the dipolar for es are negle ted in the
stripe period estimation below. It might be the ase
if the mole ules involved have relatively large shape
anisotropy (and not large ele tri dipole moment), and
ioni impurities s reen the Coulomb intera tion. This
is not the whole story, however. In order to obtain the
orre t stru ture of the splay phase, one has to take the
omplete order parameter, in luding the modulus j j,
into a ount. There is a pri e to be paid, be ause j j
annot be onstant where the splay is onstant. Indeed,
in two-dimensionals, a splay distortion of the orientation annot o ur in a defe t-free fashion. Instead, to
relieve this frustration, the system forms a modulated
phase onsisting of a regular network of defe t walls
and points.
It is interesting and tempting to hypothesize the
following stripe stru ture satisfying su h kind of symmetry breaking. The uniform SmC stru ture of the top
part of the lm breaks up into nite regions with a splay
deformation of the -dire tor (Fig. 4d). Regions with
the same favorable sign of the splay ( ounter lo kwise
in Fig. 4d) are separated by defe t lines in whi h the
-dire tor abruptly rotates ba k. In the bottom part of
the lm (Fig. 4e), the -dire tor rotation o urs in the
opposite dire tion ( lo kwise). The lines in whi h the
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-dire tor jumps ba k are shifted in the x-dire tion by
the stripe period dst with respe t to the top part of the
lm (Fig. 4d,e). In this stru ture, the dire tion of the
splay modulation in is favorable on both sides of the
lm. Remarkably, the net magnitude of the -dire tor
orientation ' a ross the lm is onstant in ea h stripe
in the agreement with our experimental data. Their
values ' = 15Æ are di tated by the stru ture of the
surfa e SmL phase. To be stable, a splay-modulated
stru ture has to over ome the unfavorable ore defe t
energy (") and the ordinary nemati order parameter
ontribution. In the zeroth approximation, the periodi
stripe phase exists when the gain in the surfa e elasti ity energy ex eeds the domain wall energy ". Competition between these energies determines the stripe
width as [15℄

Dst 

K

s "

;

(3)

where K = (Ks + Kb )=2 is the mean Frank onstant.
In the temperature window T > TC (where TC is the
bulk SmC HSmB transition temperature) in whi h we
are interested, the main temperature-dependent fa tor
in (3) is s . The very existen e of this linear splay distortion is due to the asymmetry of the order parameter
prole over the lm. Indu ed by the surfa e ordering
s , the hexati (bond) order parameter de ays toward the interior of the lm as

(z) /

s

h[(z L)=℄ ;
h(L=)

(4)

where L = Nd is the lm thi kness, d is the layer
thi kness, and  is the bulk phase transition orrelation length



0
(T TC )=TC ;

p

(5)

with 0 denoting the bare mi ros opi orrelation
length. The asymmetry of the prole
determines
the value of the parameter s ,

L
s = 0 th ;


(6)

and the transition from the homogeneous to the modulated phase o urs if the asymmetry is suu iently
strong (see (3)). Equations (3)(6) allow omparing
the experimental dependen e of the stripe period on
temperature (Fig. 5) with theory and determining the
parameters of the theory, namely 0 =K and "=K . We
took 0 =d = 0:5 and treated 0 =K and "=K as the tting parameters. The solid line in Fig. 5 orresponds
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to 0 =K = 0:95 (m) 1 and "=K = 0:61 (m) 1 .
Thus determined, 0 =K and "=K allow us to make
the following estimations. Using the value of the
splay elasti onstant K in sme ti liquid rystals
3  10 6 erg/ m [22℄, we obtain 0 = 2:9  10 2 erg/ m2
and " = 1:8  10 2 erg/ m2 . These values of 0 and
" denote the energy per unit thi kness. For lms, 0
and " must be multiplied by L. We note that for thin
lms, the ontinuous approximation used in (4)(6) is
not ompletely orre t and the above values of 0 and
" should be onsidered as estimations. For a more preise analysis, dis rete models of sme ti lms must be
used. We nish with the on lusion that the stripe
phase (soliton regime) appears spontaneously on ooling and then the distortion period in reases with dereasing the temperature. The theoreti al onsideration onforms to our experimental observations.
We observe omplex phase behavior with various
equilibrium stru tures. A separate question how to alulate all equilibrium stru tures of a spe i system requires full minimization of the global free energy, and
it depends on the unknown phenomenologi al Landau
expansion oe ients. We do not even attempt the alulation of su h a omplex phase diagram in this paper, but ontent 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 rystal. The dieren e between the
phases that appear under the name of modulated stru tures, on the one hand, and solids or liquid rystals 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 a hieve quantitative agreement between the results obtained with
our phenomenologi al model and experimental measurements. However, be ause the present understanding of the me hanism leading to modulated stru tures
in a hiral tilted hexati lms is in omplete, the model
may be an appropriate tool for working out typi al
trends that may be testable in experiments. In this
paper, we have presented results of studies of stru tural transformations in thin liquid- rystal lms with
the transition from the sme ti -C (SmC ) to hexati
(HSmB ) phase, and their interpretation within a simple phenomenologi al model. The free energy was written in the simplest form that involves the least number of model parameters, and we have shown that this
simple model an apture many features seen in ex-

Stru tures and orientational transitions

:::

periment. Our interpretation of the results is based
on the simple onsideration that be ause of the up
down asymmetry, the a hiral sme ti lm exhibits polar properties. One note of aution is in order here. In
fa t, the stru ture of any SmC phase is inherently polar
be ause the tilt singles out a unique dire tion about the
layer normal  (although the dire tors n and n are
physi ally indistinguishable). Therefore, in the SmC
stru ture, one may have the pseudo-ve tor

l = (  n)( n) :

(7)

Obviously, l is perpendi ular to the tilt plane, and this
kind of polarity (along the pseudo-ve tor l) is of a fundamentally dierent nature ompared with the polarity
along that we investigated in this paper. Indeed, the
l polarity is ompatible with mirror symmetry in the
tilt plane, whereas the polar splay distortion responsible for the stripe stru ture hanges its sign under su h
a mirror ree tion.
A question of primary importan e is to understand
the origin of the thermodynami behavior we found in
this work. It is well known [23℄ that for a lm with
the uniform ordering (like nemati or ferromagneti ),
when the intera tion at the boundaries is su h that it
enhan es lo al order, a surfa e transition may o ur
at temperatures above the riti al temperature of the
bulk. In su h a transition, the layers lose to the surfa e be ome ordered, although the bulk remains disordered. Depending on the nature of the intera tions between the bulk and the surfa e, the system may exhibit
various surfa e phase transitions, for instan e, wetting
transitions. In that ase, at temperatures just below
the bulk transition, the thi kness of the surfa e-ordered
layer is innite. But nonuniformly ordered (modulated)
systems do not ne essarily exhibit wetting phenomena
in whi h the thi kness of the surfa e-ordered layer diverges. Instead, the system might exhibit a transition
from one surfa e state to another, where both surfa e
states have a nite thi kness [11℄. Be ause we onsider modulated (nonuniform) stru tures in this work,
the aforesaid arguments provide a physi ally appealing
thermodynami interpretation of our results.
First of all, be ause we deal with lms, the basi
thermodynami s of phase transitions should be formulated for this kind of restri ted geometry. Su h a problem was dis ussed for various systems long ago, and the
results borrowed from textbooks [23, 24℄ are as follows.
In a lm of thi kness L, the thermodynami potential
G per unit area is

G
A
707

=

pL + 2 ;

(8)
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where is the surfa e free energy, p is the bulk pressure, and A is the area. We let the surfa e free energies
of the sme ti C and hexati phases be denoted by C
and H respe tively. The Lapla e ondition then yields

C

=

H+ C H

os  ;

(9)

where  is the onta t angle between SmC and hexati
phases and C H is the surfa e energy at the interfa e. In the bulk, the oexisten e temperature TC is
determined by the equilibrium ondition

pC (TC ) = pH (TC ) :

(10)

In a lm of a nite thi kness L,

Tm = TC + T (L) ;

= GH we nd
2
pH (Tm ) + H =

and from GC

L

pC (Tm) +

(11)

2

C:

L

(12)

Be ause

p = p(TC ) + S (TC )T

(13)

(where S is the entropy), we obtain

T (L) = 2(

C

H )TC ;

LQ

(14)

and Q = TC (SC SH ) is the latent heat at the bulk
transition. Equation (14) an be equivalently expressed
(see (9)) as

T (L) = 2TC

C H

LQ

os  :

(15)
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the HSmB thi kness at the surfa e is already larger
than the sample thi kness L.
Clearly, there are several open questions and future
hallenges. One of them is related to dipolar for es. Indeed, be ause the mole ules are tilted and the interfa e
and the interior symmetry of the lm are dierent from
ea h other, the lm has only one symmetry element,
the verti al mirror plane, whi h is perpendi ular to the
lm and parallel to the mole ules. The lm is therefore
equivalent to a two-dimensional polar nemati , and it
bears an ele tri polarization. If this polarization is
small ompared to the elasti energies involved, our
arguments given above apply. On the other hand, if
ele tri energies dominate, another kind of texture an
be stable, be ause all splay enters a t as harge enters, and a latti e of several small harges is then more
stable than one big harge. Another interesting question is how to tune parameters of the various modulated
stru tures to optimize properties of te hnologi al interest. For instan e, a wide area of resear h is learly the
problem to what extent the investigated systems an
be useful to a hieve interesting ele tro-opti al properties. The treatment above an be generalized to more
realisti systems (e.g., dipolar for es in luding), with
the same on eptual ingredients, albeit at the expense
of a rapidly in reasing omplexity.
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a knowledges support from INTAS (under  01-0105)
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However, in (14), we did not onsider the intera tion

(L) [25℄ between the lm surfa es (or between the
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