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Structures of various phases that appear in antiferroelectric liquid crystals can be described within a simple
discrete phenomenological model of antiferroelectric liquid crystals, which for the snizefjgha (Snc,)
phase suggests a short-pitch helicoidal structure. In a paper presented here the same model is used to analyze
theoretically free-standing films, formed by a finite number of smectic layers. In the bulk sample a transition
from the smecticA (SmA) phase is either to the ferroelectric 8 phase, the S@) phase, or the antifer-
roelectric Sn€, phase, as observed from experiments as well as comprehended in the model. However in
free-standing films uniplanar structures, which in a bulk sample were not observed experimentally nor pre-
dicted by the model, are shown to appear immediately below the transition from the high-temperature Sm
phase. In free-standing film uniplanar structure remains stable in a narrow temperature region betdveen Sm
and Snt, phase.

PACS numbe(s): 61.30.Cz, 64.70.Md, 68.60p

Antiferroelectric liquid crystals appear in several smecticenological model. The model is simplified by considering
phaseqd 1,2], characterized by one-dimensional quasi-long-only those terms in the free-energy expansion, which give
range translational and long-range orientational order, thaise to appearance of the ferroelectric or antiferroelectric
are established by molecules being arranged in layers arghase, or the short-pitch helicoidal &y phase in a bulk
within each layer oriented along the common direction, desample. In the following we shall use a common name
noted by a directom. In the high-temperature smectic- Planar structures for the structures, where molecules tilt
(SmA) phase the molecules are perpendicular to the Iayer_ﬁ"th'n the same plane in all the film layers. We will not

on the average. At some temperature interval below tha gminclude explicitly the influence of chiral interactions, that
phase, usually the ferroelectric & phase is stablEg]. In impose additional long-pitch helicoidal modulation to any

the SnC* phase chiral interactions cause the director to ro_ﬁnip(;ar&ar struc?turr]e orhlift a Qeﬁesneracy between left and right
; : handedness of the short-pitch Spstructure.
tate around the layers normal thus forming a helical super In the following, the temperature where the stability limit

structure, with pitch extending over approximately thousands(,)f nontilted SnA phase occurs, is determined in free-
of layers. . standing films with finite number of smectic layers. Descrip-
In a narrow temperature interval between theASEnd {5 of the tilted phases, which in a continuous manner,
the SnC* phase, often a S@), phase appears. A discrete g\glyve from the SrA phase, is given. It is shown that the
phenomenological model of antiferroelectric liquid crystalstjited phase immediately below the $nphase is in general
was introduced few years agd], which suggested that the yniplanar in free-standing films. In the last part the stability
SmC,, phase has a short-pitch helicoidal structure, caused bimit of the uniplanar phase is determined. It is shown that in
competing nearest-and next-nearest layer interactions. Elligiims with odd number of layers any uniplanar structure ex-
sometric measuremeritS] and resonant x-ray scattering ex- cept the ferroelectric or antiferroelectric is stable only in a
periments[6] performed recently on free-standing films of narrow temperature region. Its width depends on the number
different compounds confirmed the suggested structure of thef layers in the film and it might be few tenths of a degree in
SmC,, phase[7,8]. thin films. By further decreasing the temperature the unipla-
In the lowest-temperature antiferroelectric Sfnphase, nar phase transforms into nonplanar Gprphase. However
the director is tilted with respect to the layers normal for anin films with evennumber of layers, a distinct four-layer
angle# and it alternates between almost opposite directionsiniplanar structure also remains stable down to arbitrarily
from one layer to the ne)B]. Helical superstructure on the low temperatures, beside the ferroelectric and antiferroelec-
two sublatices, formed by next-nearest layers, is causetfic phases, and an explanation for this is given.
again by chiral interactions. The structures of the phases, that
in some compounds exist at temperatures between the ferro- I. STABILITY OF THE Sm A PHASE
electric and antiferroelectric phases and have ferrielectric
properties, were revealed through recent experimigitas Transition from the S phase to a tilted phase, which
periodical structures, with the period extending over threamay in bulk be Si&, SmC,, or SnC, phase, as well as the
and four smectic layers. structure of the tilted phase, is within the discrete phenom-
In this paper we report about theoretical studies of anti-enological model conveniently described with the order pa-
ferroelectric liquid crystals in films with finite number of rameter, which is a set of two-dimensional layer-tilt vectors
smectic layer410,11], derived within the discrete phenom- &=(¢; «,¢; ,). These are the projections of the layer direc-
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tors n; onto the planey, that is parallel to the smectic lay- ~ On the other hand, for positive,, one of three distinct

ers. The index stands for thdth layer. In a free-standing tilted structures evolves from the $nphasein the bulk[4].

film there are altogetheM layers. They are characterized by the phase differefge which is
Assuming the system is homogeneous inside each laydhe difference in phase angles of tilt in nearest-neighboring

and therefore disregarding the,y) dependence of the tilt layers. If a;<—a,, the tilted phase is ferroelectric, with

vectors , an expansion of the bulk free energy in the dis-2¢=0. If a1>a,, thi tited phase is aﬁtifglrroeler?tric, with
crete order paramete is [4] A¢=m. In between, for-a,<a;<a,, the tilted phase is a

short-pitch S, phase, where the magnitude of the tilt is
the same in all the layers, and the phase of the tilt changes
regularly from one layer to the next for a certain angle,
defined by cod¢=—a;/a,. The temperature of transition
(1) from the SmA to a tilted lower temperature phase T§"'
=To— (a; COSA¢+3a,cos A¢)/a. When the temperature
, . , . decreases, the magnitude of the tilt increases, but the phase
e e o e o iference remais the seme. 1 have consiered o
’ >1ﬁ|gher-order interlayer interaction terms in free-energy ex-

plains well th_e transition from the S@mphase_ to the _tllted ansion, temperature dependenceAa$ at lower tempera-
phase. The first and the second term describe the intralayglos could be obtained.

interactions. Parameta, depends linearly on temperature | the free standing filnthere areN smectic layers, there-
ap=2a(T—To), wherea is positive andT, would be a tem-  fore the sum in Eq(1) is finite and formally correct, if we
perature of transition from the Sinto the tilted phase, if take&=0fori<1 ori>N. Trying to describe the free sur-
there was no interaction between the neighboring layers. Asaces we do not introduce any special surface parameters; the
suming the existence of the second-order transition, paranskame approach of the free boundary conditions as was dis-
eterby is the usual positive constant in the fourth-order term.cussed elsewhergl2] for other phases. Tilt vectors,

The next two terms are the lowest-order terms describingvhich describe an equilibrium structure inNzlayers film
interactions between neighboring layers. The term with patherefore satisfy a set &f extremal equations, withranging
rametera, describes interactions between the nearest layergrom 1 toN,

The sign ofa; determines the relative orientation of tilts in oG 5 5 1

nearest neighboring layers. It may be positive or negative, ?Zaofi,x"' bo( &7t &ixdiy) + 5a1(&i-1xt &iv1)

thus favoring anticlinic or synclinic orientation of tilts in hx

1,1 ., 1 1
G:Ei an§i+zb0§i+§a1§i§i+1+§a2§i§i+2

1
nearest-neighboring layers. The term with paramajerep- + 3 a(&i—oxt &ivax)
resents the next-nearest layer interactions,lfis negative -0

synclinic tilts in next-nearest neighboring layers are favored

and occur in a system with both synclinic or anticlinic tilts in 7>
nearest layers. Positi\a brings a certain frustration into the iy
system, since favored anticlinic orientation of tilts in next-
neighboring layers is not compatible neither with synclinic, Jr§2(§i—2,yJr §ivay)
nor anticlinic tilts in nearest layers. In the systems which =0,

exhibit SC_, immediately below the Sk phasea, should
be positive and large enough, compare@ioHere we shall
be concerned with such compounds, therefagewill be
assumed to be positive.

By including higher-order interlayer interaction terms into A, O
the free-energy expansion, the temperature dependence of A0=( )
interaction can be considered. It becomes more important at 0 A
lower temperatures, where the magnitude of the tilt is largeryhereA, andA, are five-diagonaNx N dimensional matri-
In the presented analysis the higher-order terms do not altefes with nonzero elements
crucially the results, which refer mostly to a temperature
region just below the stability limit of the Sfphase. There-
fore we shall not consider them.

Depending on the values of the model parametetsch

5 , 1 2
=aoi ytbo(&y+ & yEi ) +§al(§i 1yt éivay)

where G is the free energyl), and the stability condition,
that a matrixA, of the second derivatives is positive definite.
The matrixAq is a 2N X 2N dimensional block matrix

()

A 2 L g2
AX(I ,|)= (9—2=a0+ b0(3§i’x+ §i,y),

i,x

differ for different compounds and can be obtained from ex- .. G 5 o

perimenty, the transition from the S phasein the bulkis Ay(ii)= S =ag+bo(3&fy+ & 5,

to the tilted SnC, SnC,, or, SnC, phase. Within our Ly

model the magnitude of the tilt in the bulk is the same in all o PG o 1 (4)
the layers. For negativa,, a stability of the S phase Aiixl)= Wsz(m D=3 a,
within the model is easily determined as well as the structure PXTRIELX

of the tilted phase. It is either uniplanar ferroelectric, totally %G 1

synclinic, or uniplanar antiferroelectric, totally anticlinic. A Al ix2)= mZAy(i 1£2)=ga,.

choice between both is made solely by the sigmgfas we
described. No interesting new result is obtained for negativ&igenvectors ofA, describe the fluctuations of the tilt and
a,. the corresponding eigenvalues are related to the relaxational
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frequencies of the fluctuations. A certain structure, satisfying 0.8 " T : T " T
Eq. (2), is stable as long as eigenvalues of the matrix of the

second derivatives are all positive. An analysis presented in

the following, basically consists of two parts. In the first one 0.6
the structure, satisfying E@2), is found, and in the second
the stability of the structure is explored through an analysis
of the matrix of the second derivativé3) and its eigenval-

ues. 2 N=3
An equilibrium structure of the Sk phase is given by a 02 L 889©89 Ny
trivial solution of Eq.(2), £=0 for alli. This solution exists e sN=10
at all temperatures, but is stable only where corresponding bulk
matrix of the second derivatives{°™? (diagonal elements 0 L L L
without b, terms) is positive definite. -1 -0.5 0 0.5 1
In the SnA phase a double degeneracykﬁfm’» is obvi- a,la,
ous. Due to the invariance of the 3nphase structure to the
rotations about the smectic layers normal, the choiceanfd FIG. 1. Renormalized temperatueg/a,, where the nontilted

y axes within the plane of the smectic layers is arbitrary and®™ Phase becomes unstable, in dependence of the ratio of model
all the eigenvalues of the matr%SmA in the SmA phase are parameters, /a, for free-standing films with various numbers of

. . ic | .
doubly degenerate. Therefore the analysﬂﬁf"”) in one of smectic fayers
the nondegenerat®& X N dimensional subspaces is per- To, but lower than-l—téulk. With similar reasoning we also

form_ed only, the chosen_ plgne WS%,A)and corresponding understand why the minimum transition temperature in the

matrix of the Second dgnvatlvesl!&{ : . film, with given thickness, occurs a;=0. With smaller
(S!En/;[emperatu_r_e is high enough all the eigenvalues of , | yhe interlayer interactions are weaker and the increase

A are positive and correspondlﬂg structural deformar ihe transition temperature is smaller. In the bulk and free-

tions, described by eigenvectors Af*™, are all energeti- standing films the transition temperature depends only on the

cally undesirable. The trivial solution describing the orthogo-strength of interactiona,|/a, and not on the sign o#;,

nal structure of SiA phase is stable and the only solution of therefore the stability lines are symmetric abayt=0.

Eq.(2). By lowering the temperature the eigenvalues become At this point it is worth while to mention, that we have

smaller. The critical temperatufi, is reached when the first ot taken into account the effects of possibly large surface

eigenvalue becomes zero. At the structure of the SA  tensjon, which is always present in free-standing films and

phase destabilizes and at temperatures below does not corighich makes them stable. Surface tension suppresses the
spond to the minimum free energy any more. The critical

order parameter fluctuation that freezes in at the temperatur~ a,la, a,/a,
T. of transition from the SiA to a tilted phase is given by -1 0 1-1 0 1
the corresponding eigenvectorAismA). With regard to the 08 ' '
chosen subspadglaney=0), it describes a uniplanar fluc- o o
tuation, where tilt vectors in all the layers lay on the same ° @ ° o ® o
straight line, parallel to the axis. o ° ° S
For any number of layers the $wm-tilted phasetransi- S ° A °
tion line in a @y/a,,a;/a,) phase diagram can be found ' ° ° Cs
numerically. It is shown for films with different number of © °
layers in Fig. 1. Additionally the stability line of the S
phase in 4- and 5-layer films together with schematic repre-
sentation of the critical uniplanar fluctuations, that corre-
spond to the tilted structures below the transition, is shown in
Figs. 2a) and 2b). —- —
As can be seen from Fig. 1 at given ratio of model pa- —_ =
rametersa, /a,, the temperature of the transition from the —_— o~
SmA phase to the tilted phase depends on the number o - — —
smectic layers in the film. It is lower in thin films, grows o :
with increa{:ing the number of layers and assimptoticgally ap-. FIG. 2. S.tab'".ty lines of the SH phase 'n(a). four-and (b)
proaches the bulk transition temperature from below. Thisﬂve'layers'thmk films. A S.Chemat'c representation (.)f. the corre-
can be understood if we recall, that the interactions betwees onding uniplanar fluctuations of the tilt, that destabilize the non-

th iahbori | . the 1 ition t t ilted phase, is shown below. The arrows denote the relative ampli-
b(ilkne'g Or'ng aygrs _mc,:rease e transiion tempera urEjdes and phases of the tilt fluctuations in separate film layers. In
T ">To. In films with limited number of layers there are

) : ¢ films with odd number of layers any antisymmetric fluctuation has
surface layers, which do not have neighboring layaesrest  zero magnitude of the tilt in the middle layer, that is represented
and next nearest, within the moglelutside the film to inter-  with a dot in (b). Arrows pointing in both directions for a five-

act with, therefore also interlayer interactions at the surfacegyers-thick film ata, /a,~0 are used to demonstrate that the rela-
contribute less to a rise of the transition temperature. So théve phases of the tilt fluctuation in the second and the fourth layers
transition temperature in a free-standing film is higher thardepend on the sign af;.

a,/a
>
T
o
o
.
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smectic-layer displacement fluctuations at the free surfaces 1 —T

[13] and is most likely the reason for commonly observed - o

enhanced smectic order at free surfaces and consequently g | o 4

increased temperature of the phase transition in surface lay- I ¢

ers[14]. Being restricted to the layers near surfaces, the tran- 0 !

sition at higher temperature is called the surface transition. - I

The influence of enhanced surface order on the transition * ‘

temperature is opposed to the influence of the missing inter- 04 i

layer interactions at the surface, described above. We have

explored the enhanced surface order effects within our model 02 F . 7

to a certain extent in our previous papés]. -
In a free-standing film wittN smectic layers, there exikt obe—r— . .

different uniplanar fluctuations. Due to a symmetry of the 0 10 20 30 40 50

free energy under the reflection about the middle of the film, N

all of the uniplanar fluctuations have particular symmetry— FIG. 3. The limiting ratiory of model parametera, /a,, that

they are either symmetric or antisymmetric with respect (Qyetermines the transition from the Snphase to either ferroelectric
the middle of the film. Among them ferro- and antiferroelec- of antiferroelectric phase, as it depends on the number of layers

tric are the two extrema, as we shall see.
Which of N uniplanar fluctuations is actually critical de-

. T . T
oooon“‘”w
v

. uniplanar fluctuations in perpendicular planes results in the
pends on the ratio of the model parame®y#ay, as can be g5 mq critical fluctuation within an arbitrary plane, perpen-
obfserved_ from Flgs_.(a) and 2b). If a1<_0, a _syncl|n|c tiltin  yicular to smectic layers.
neighboring layers is preferred by which it is meant, that for |y the pulk the situation is different, due to a discrete
the two neighboring layers the tilt in the same direction isyanslational symmetry present in the bulk, but not in the
favored. The larger the rati@, |/a,, the more pronounced is free-standing film. Uniplanar fluctuations in bulk are de-
the synclinic ordering in the uniplanar structure in the sensecribed by sinusoidal plane waves and defined by a wave
that the major part of the layers have the neighboring layergectorq. In the bulkq is continuous, while in free-standing
with molecules tilted to the same direction. And >0  films with N layers it is a discrete parameter, that can have
the same holds for the anticlinic tilt ordering. Anticlinic in only N different values. The same uniplanar fluctuati¢ihe
the sense that, for the two neighboring layers, tilt in thesame parameteg) in perpendicular planes may in a free-
opposite direction is favored. When the radip/a, is chang-  standing film sum only with zero spatial phase shift, due to
ing continuously, the symmetric and antisymmetric uniplanathe symmetry under the reflection about the middle of the
structures alternate. When the number of pairs of synclinidilm. If in the x=0 plane the fluctuation “amplitude” is a
tilts in nearest layers is changed by one, the symmetry of thenaximum inith layer, the same must be true in the perpen-
tilted structure converts from symmetric to antisymmetric ordicular y=0 plane. The sum of both is the same uniplanar
vice versa. fluctuation within the arbitrary plane, with the maximum am-
Another observation can be made by looking at Figs. Iplitude again inith layer. But in the bulk sample, due to a
and 2. If the ratio of the model parameters/a, is smaller  discrete translational symmetry, additional degeneracy is
than some limiting ratioa, /a,<—ry, the critical uniplanar present. The same sinusoidal uniplanar fluctuations in per-
fluctuation on the whole is synclinic, that is, ferroelectric, pendicular planes may therefore combine also with arbitrary
with molecules in all the layers tilted to the same side. Onspatial phase shift. Resulting sum is anything from the same
the other hand, ik, /a,>ry, the critical uniplanar fluctua- pure uniplanar sinusoidal fluctuation for the zero phase shift,
tion on the whole is anticlinic, that is antiferroelectric, from to a perfect circular fluctuation for a phase shiftr/2, or
one layer to the next the tilt alternates from one side to theellipsoidal fluctuation for a phase shift being anything else.
opposite. The limiting ratioy depends on the film thickness, All of them are described by the same
as can be seen from Fig. 3. With increasMdt approaches Below T., a degeneracy among different combinations is
its bulk valuery—ry,, k=1 from below. On the other side, lifted by higher-order terms, in our cabg term. A decision
for two layers, a decision between the only two uniplanarabout the combination, leading to an equilibrium lower tem-
structures is made solely by the sign of interaction betweeperature structure, is thus made by the higher-order terms.
the nearest layers. A plain solutionrig=0. We have already described possible stable structures in the
Until here we have discussed nothing else but uniplanabulk systems and seen, that the tilted phase below th& Sm
fluctuations, that destabilize the orthogonal structure of th@phase may be pure uniplanar ferroelectric or antiferroelectric
SmA phase in the plang=0. However the complete matrix, phase, or nonplanar, helicoidal 8y phase, evolved from a
which is relevant to a stability of the Siphase in free- circular fluctuation. But in free-standing film the critical fluc-
standing film withN layers, is doubly degenerateNX 2N tuation in the S phase is uniplanar and therefore also the
dimensionalA,. Therefore at critical temperatuile. two ei-  tilted phase just below the second-order transition from the
genvalues simultaneously become zero. They correspond ®mA phase is undoubtedly uniplanar. Except for few special
the sameuniplanar fluctuations in two perpendicular planes,ratios of model parameteis, /a,, where two different uni-
y=0 andx=0. Arbitrary linear combination of the two criti- planar fluctuations, corresponding to different paramegers
cal fluctuations results in another critical fluctuation. In free-become unstable at the same critical temperature. In Fig. 1
standing film an arbitrary linear combination of the same twowe can observe such situations in breaking points of the
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FIG. 4. A schematic representation of the tilted uniplanar phases in films@itbur and(b) five layers, for different values &, /a,.
Molecules in all the layers tilt within the same plane. Relative magnitudes and directions of the tilt are shown in all the layers. In two
antisymmetric five-layers uniplanar structures, #&qfa,= = 0.4, tilt is zero in the middle layer.

SmA phase stability lines, most clearly for thin films. Two sponding eigenvector describes a rotation of the tilt plane
different uniplanar fluctuations in perpendicular planes mayand corresponds to the zero-frequency Goldstone mode
in free-standing film combine in a nonplanar, helicoidally originating in rotational symmetry of the Snphase, that
modulated fluctuation, and the tilted structure befbwcor- vanishes at the transition to the uniplanar phase. If all other
responds to the S8), phase, as we shall see in the following €igenvalues are positive, the uniplanar phase is stable. By
section. lowering the temperature we may reach a certain point,
where another eigenvalue becomes zero and which is a sta-
bility limit of the uniplanar phase. The corresponding eigen-
vector describes a critical out-of-plane fluctuation, that desta-

Structure of the uniplanar phase at temperature lower thabilizes the tilted uniplanar structure. Below the stability limit
T. can be found by solving a set of extremal nonlinear equaef the uniplanar phase the structure becomes helicoidally
tions (2) with & ,=0 for anyi. An iterative numerical pro- modulated.
cedure of finding the structure of the uniplanar phase is Resulting phase diagrams are for some film thicknesses
based on an assumption, that the structure changes contingkesented in Fig. 5. At some special values of the ratio
ously with temperature. The equilibrium tilt vector in tte @, /a,, the stability limits of the uniplanar phases coincide
layer at temperatur@— AT can then be written as a sum of with the stability limits of the SrA phasefthat can be seen
the equilibrium tilt vector at higher temperatufieand a  clearly from Figs. %) and §b)]. As we have mentioned
small correction. We linearize Eq$2) in corrections and already, in these points of the phase diagram, thé Pimase
then solve obtained linear equations repeatedly; at each stépdestabilized by two different uniplanar fluctuations in per-
we improve the initial approximation for the structureTat pendicular planes, which may combine in nonplanar, non-
— AT with the solution for the correction and then search forGoldstone fluctuation. Formally that corresponds to a case,
the next improvement, until the resulting set of tilt vectorswhere by lowering the temperature from the Sphase, we
satisfies the complete, nonlinear extremal equati¢®s reach a certain critical temperature, where the first two ei-
within a desired numerical precision. The first approximationgenvalues of the matrir{>™ (the first four eigenvalues of
for the tilted structure just below the transition from the/&sm AE,S'“A)) become zero. At these particular valuesagfa,, a
phase is the eigenvector Af>™?, corresponding to the criti- tilted phase below the S#nphase is nonplanar, spatially
cal fluctuation. modulated Si@ , phase.

A schematic representation of various uniplanar tilted A distinct odd-evereffect can be also recognized imme-
structures is shown in Fig. 4 for free-standing films with four diately. Among various uniplanar structures, that appear be-
and five layers. The structures preserve the symmetry of thiew the SnA phase in free-standing films for different ratios
fluctuation they evolve from. Antisymmetric uniplanar struc- of model parameterg;/a,, in films with odd number of
tures in odd films have zero tilt in the middle layer. If we layers only two, completely synclinic Stnand completely
recall that the corresponding temperatures, where the uniplanticlinic SmG, remain stable at any lower temperature.
nar phases exist, are aboVg, this is not surprising. The They both exist in the outermost parts of the phase diagram
magnitude of tilt in surface layers is smaller than in interiorwith extreme values of the rat@, /a,. All the other unipla-
layers. The reason for this is the same as for the decrease p&r phases, with synclinic and anticlinic tilts in neighboring
the transition temperature comparedﬁb””‘, as explained layers, are stable merely in narrow temperature regions.
above. Their width strongly depends on the film thickness and on

The uniplanar structure at temperatir&loes not neces- the ratioa;/a,. If the number of layers increases, the tem-
sarily remain such at lower temperatufe- AT. For that perature regions where uniplanar phases are stable, get nar-
reason at each temperature lowering step we check the eiewer. An estimation of their width can be made on the basis
genvalues of corresponding matrix of the second derivativesf an assumption, that a shift of the Brrtilted phase
A, given by Eq.(3). transition temperature, caused only by next-nearest layer in-

At all temperatures below the transition from the Am teractions, fromT, for the no interlayer interactions case
phase, one of the eigenvaluesAf equals zero. The corre- (a;=a,=0) to TE“”‘ (a;=0, a,>0), is of the order of a

II. UNIPLANAR PHASES
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0.8 T T T T

~1 0.5 0 0.5 1
a,/a,

FIG. 5. Stability limits of the Sm phase and uniplanar phases are shown with solid and thick gray lines, respectively, for filnte with
four, (b) five, (d) eight and(d) nine layers. A dashed line represents the stability limit of théSuase in the bulk. A qualitative difference
between phase diagrams for films with eyé® and(b)] and odd[(b) and(d)] number of layers is evident. In addition to ferroelectric and
antiferroelectric uniplanar phases in the outermost parts of the phase diagram, in films with an even number of layers also the two uniplanar
phases in the vicinity o&;/a,=0 remain stable down to arbitrary low temperatures within this model. An estimation for a width of the
temperature regions, where uniplanar phases are stable, is a few tenths of a degree for thin films.

degree to several degrees in real substances. IrbFagem-  the two layers, the second and the folirth each sublattice,
perature parametex,/a,=0 corresponds to the temperature interlayer interactions extend only up to the nearest-
T, anday/a,=0.25 corresponds t62"% for only the next-  neighboring layergin the sublattice the third layer is the
nearest-layer interactions that are present. Observing Fig. mearest-neighboring layer of the first and of the fifth layer
we can realize, that the uniplanar phases are stable in tibe strength of interactions being defined by the parameter
regions of a few tenths of a degree in thin films. a,. The structure on the sublattice is defined according to the
In films with evennumber of layers, there is in addition a model, where only nearest layers interactions are taken into
region of values ofa,/a, neara,/a,~0 where two(for  account. In the sublatice the transition is from the/Sphase
a,/a,<0 or a;/a,>0) tilted uniplanar structures also re- either to a completely synclinic phase,af<0 (tilt vectors
main stable down to arbitrary low temperatures. In bothin all the layers in the sublatice point in the same diregtion
structures tilts in next-nearest neighboring layers are antior to completely anticlinic, ifa,>0 (tilt vectors alternate
clinic and the unit cell extends over four layers. The struc-from one to the opposite direction from layer to layer in the
tures would be the same in the bulk, but they differ in finite sublatice.
films. The difference is in the number of synclinic and anti- In films with anevennumber of layers, the two decoupled
clinic tilts in nearest layers. However for small is, if itis  sublattices have the same number of layers. In the case with
negative, synclinic tilts in nearest layers are preferred and thg,> 0, nontilted structures of both sublatices are destabilized
four-layer structure in film with an even number of layersat the same temperature by the same anticlinic uniplanar
would have one pair of synclinic tilts in nearest layers morefluctuation. Since witha;=0 the sublattices are perfectly
than anticlinic; Vice versa for positive;, as can be observed decoupled, and an angle between the two tilt planes corre-
from schematic representation of the uniplanar structures fosponding to the two sublattices can be anything from @ to
the four-layers film in Fig. ). All the structures with various angles between the two tilt
For all the other uniplanar structures the same is true aplanes have the same energy and remain degenerate down to
for uniplanar structures in films with an odd number of lay- arbitrary low temperatures.
ers. In the following we shall try to explain, why theven For odd number of layers one of the sublattices has one
and theodd films differ for a;/a,~0. layer more than the other. Fa;=0 they are decoupled. By
Let us look at a somewhat special example, when thdowering the temperature in the $mphase the nontilted
parameterl; equals zero. In this case the system of smecticstructure in the larger sublattice is destabilized first by anti-
layers in the film decomposes into two decoupled sublattices;linic (a,>0) uniplanar fluctuation. Below the critical tem-
formed by the next-nearest laydis five-layers film the first perature the structure in the film is such, that the molecules
independent sublatice consists of three layers, the first, thare tilted anticlinic in every second layer and nontilted in the
third, and the fifth layer, and the second sublattice consists dayers in between. When the second critical temperature is
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reached, also the nontilted structure in the smaller sublatticBlms, it is always uniplanatexcept at few particular values
becomes unstable to anticlinic fluctuation. Since the sublatief a;/a,). The tilted structure below the critical temperature
ces are decoupled, the angle between the tilt planes is arlis uniplanar too until the second critical temperature is
trary and all possible structures remain degenerate by lowereached, where the second fluctuation, wagh , or g;_,
ing the temperature. becomes unstable.
But as soon aa, just slightly deviates from 0, the overall At some particular values of the ratig /a,, two different
symmetry requirements come into operation that distinguishiniplanar fluctuations(with different parametersy; and
the evenand theodd cases. Foa; near, but not exactly 0, ;1) become unstable at the same temperaflye and
the a, term (that is positive is of major importance to a combined into nonplanar fluctuation, leads to an evolution of
tilted structure. The structure tends to minimize as much aghe nonplanar structure immediately beldw. This also ex-
possible thea, part of the free energy. Therefore we may plains why the temperature region, where the uniplanar
reasonably assume, that the tilted structures on the sublastructure is stable, strongly depends on the number of layers
tices are still uniplanar and anticlinic. Yet they are coupled,in the film. It may well be a few tenths of a degree wide in
sincea;#0. And although the coupling is weak, in films thin films with less then five or six layers, but gets narrower
with an odd number of layers, it eliminates immediately all in thicker films and is practically unnoticeable in films
the structures but the two nonplanar ones, where the angt®icker than 15 layers. The narrowing of the stability region
between the two tilt planes is either/2 or — /2. Such is due to increasing density of parameter® the first Bril-
combinations of the sublattice structures result in left- andouin zone, when the number of layers is increased. In the
right-handed helicoidally modulated structures with the pitchbulk g is continuous.
extending over four layers. Among all the structures built In films with odd number of layers only two extreme uni-
from two uniplanar anticlinic sublattices, these are the onlyplanar structures, totally synclinic and totally anticlinic ferro-
two structures, that indd films fulfill the overall symmetry €electric and antiferroelectric structures, respectively, can re-
conditions, for the structure being symmetric or antisymmetmain stable at low temperatures. However in films with an
ric with respect to the middle of the film. In films with an even number of layers, for the ratio of model parameters
evennumber of layers all the structures with various angles?;/a, around zero, two four-layers structures may also re-
between the tilt planes satisfy the symmetry conditions, andnain stable at low temperatures. The difference in odd and
the coupling between the sublattices just lifts the degeneracgven cases is again due to the conditions, imposed by the
among them. Obviously, one of the two four-layer uniplanarsymmetry of the free-standing film.
structures remains stable by lowering the temperature in a The uniplanar phases shown to appear below thé\ Sm
narrow region around, /a,=0 in films with an even num- phase in free-standing films are not to be mistaken for the
ber of layers and a decision about them is made by the sighniplanar structures that appear as a sequence of phases
of a;, as we have already described. within the axial next-nearest-neighbor ISiGgNNNI) model
Below the stability limit of the uniplanar phases an equi-[2] in the bulk. The ANNNI model assumes from the begin-
librium structure is a spatially modulated short-pitch helicoi-ning that the molecules are tilted within one plane, while
dal structure. Although in free-standing films the magnitudewithin our model this comes out as a result, that is condi-
of the tilt is not the same in all the layers and the helix is nottioned by the symmetry and finite thickness of the free-
ideal, the structure is called the & phase. It was deter- standing films.
mined exactly in Ref[16] and shown to match excellently ~ In the analysis presented here we have not included ex-
the experimental data from optidd,7] and x-ray scattering Pplicitly the chirality of the system, that would affect any
experimentg6,8]. uniplanar structure by imposing additional modulation along
the plane normal, so the structure beldw would not be
uniplanar but slightly twisted. However free-standing films
IIl. CONCLUSIONS are usually much thiner than a period of a helicoidal struc-
ture, induced by chiral interactions, and deviations of the filt
Jectors from the plane would be small.
At the end we stress that the symmetry arguments and

Within the discrete model for antiferroelectric liquid crys-
tals we have studied free-standing films made of polar sme

tic liquid crystals, that in the bulk appear in higher- ) i >
temperature S phase and in lower-temperature Sm conclusions we have come to, apply in general to transitions
between the orthogonal Smand tilted phases in free-

SmC,, or SnC, phases. We have determined the tempera~ = ,
ture of the second-order transition from the St the tilted  St@nding films. They are independent of the model we have

phases. It is lower than the bulk transition temperature due tJS€d- In free-standing fims the tilted structure immediately
the missing interlayer interactions of the surface layers. be.|0\.N the Sm‘, phase ShOUId, be ‘,J”'p'a”?f with negl|g|_ble
The tilted phase below the transition was found to petwisting, conditioned by chiral interactions. Short-pitch
uniplanar in free-standing films. The phenomenon is due to"Ca Phase develops only below the uniplanar phase. Our
two distinctive properties of the free-standing films. The first€Sults could be tested experimentally, with resonant x-ray
one is the broken translational symmetry and consequent§cattering[6], depolarized reflected light microscopy7],
lifted degeneracy among various spatial phase shifts betwedtliPSOmetry[5], or by some other means.
the same critical uniplanar fluctuations in perpendicular
planes. The second is a discreteness of the parametieat
plays a role of the wave vector of the fluctuation, connected The authors wish to thank R. Podgornik for reading the
to the finite number of layers in the film. When the critical manuscript. This research was supported by Ministry of Sci-
fluctuation with definite; becomes unstable in free-standing ence and Technology of Slovenia.
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