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Structures and phase transitions in polar smectic liquid crystals

P. V. Dolganov, V. M. Zhilin, and V. K. Dolganov
Institute of Solid State Physics, Russian Academy of Sciences, 142432 Moscow Region, Chernogolovka, Russia

E. I. Kats
Laue-Langevin Institute, F-38042, Grenoble, France
and L. D. Landau Institute for Theoretical Physics, RAS, Moscow, Russia
(Received 16 October 2002; published 29 April 2D03

A discrete phenomenological model of antiferroelectric liquid crystals is used to study the structures and
phase transitions in bulk samples and thin films. An important ingredient of our investigations is minimization
of the free energy with respect to the phase and modulus of the order parameter. A simple version of the free
energy, which contains only the nearest-neighbor and the next-nearest-neighbor layer interactions gives a
complete phase diagram with all the observed smecti¢€nC*) variant phases. In thin free-standing films,
surface ordering may lead to suppression of the bullCSnhelix and to formation of planar structures.
Transitions between these structures are accompanied by the 90° reorientation of the polarization direction. We
also discuss the influence of chirality on subphase structures.
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[. INTRODUCTION and optical reflectivity datf6—8], the azimuthal orientation
of molecules can be described by a short-pitch helix with the
In recent years one of the most extensively studied phasesxis perpendicular to the smectic layers. Gin and
of liquid crystals, both for basic research and for applica-sm;lz have correspondingly three-layer and four-layer
tions, are chiral polar smectics. The combination of chiralitystructures.
and polarity in tilted smectic liquid crystals results in many  Several models have been proposed for the structure of
interesting structures, where these effects interplay. After théhe subphases. In the first Ising-like mod&,9,10, the
discovery of antiferroelectric smectictC(SmC}) phase, structure of subphases was characterized by either synclinic
short-pitch incommensurate &) and several other sub- Of anticlinic ordgring of molecules in a unit cell. The as-
phaseqd1,2], it has become evident that a variety of phasessUmption thate is either O orm was based on the known
with polar layers possessing unusual interlayer structures argiructure of the S@* and SnC3 phases with nearly copla-
physical properties is realized in liquid crystals. Significant"ar ordering in neighboring smectic layers. Frustrating inter-
experimental and theoretical efforts have been directed to
investigate these new polar liquid-crystalline materials. a
However, until recent time, structures of only two polar L T
phases, namely, the ferroelectric Sin[3] and the antifer- T ﬂ y
roelectric Sn€; were well understood and firmly identified. 0

In these phases, the long molecular axes are tilted by a polar l /// //// 0M 0&
angle # with respect to the layer normal. Orientational .

ordering of molecules in the smectic layer can be described H'] //// /// & —»(t? .
by a two-dimensional2D) vector £ that is the projection of l
the nematic directon onto the layer plan€Fig. 1). In the
SmC* phase, the azimuthal angleis practically the same

in neighboring layers(synclinic structurg In the SnCjx
phase the molecules in adjacent layers are tilted in nearly
opposite directions(anticlinic structur@ Difficulties in
studying the interlayer structure of other phases by conven-
tional x-ray methods were due to the insensitivity of the
diffraction along theQ, reciprocal space direction to the tilt
plane orientation in smectic layers. The breakthrough was
achieved in 1998 when Magét al. [4] conducted measure-
ments of resonant x-ray scattering using a specially synthe-
sized compound, in which the tensorial structure factor de-
pended on the molecular orientation with respect to the
polarization of the x-ray beam. It was shoh5] that the FIG. 1. Layer structure of a tilted smeciig) and orientational
SmC? phase possesses an incommensurate short periodicigydering of moleculesb). 6, and ¢; are the polar and azimuthal
from about five to eight layers. According to ellipsometric angles, the two-component vectgris the order parameter.
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actions between layers which are assumed in this model magially in thick films, the transitions between planar structures
lead to different sequences of synclinic and anticlinic orien-occur via twisted structures. The second type of transitions is
tations in a unit cell. Inconsistence of these coplanar strucinduced by the surface and it takes place below the bulk
tures to experimental data lead to development of a so-calleBmC*-SmC?, transition temperature. The reorientations oc-
distorted Ising mod€]11] for subphase description. cur between the second and the third layer from the surface.
The second model proposed by Pilénal. [12—-14 is  Because these reorientations hold near two surfaces, in thick
based on the short-pitch mode approach. In this semiphdlms they do not result in the change of the polarization
nomenological model, the spatially inhomogeneous part offirection. o .
the free energy is taken as a series of harmonic functions At the moment, very little is known rigorously about the
corresponding to the short-pitch modes. The model gives gubtle interplay between chlral!ty and frustratlon_s. It is usu-
good description of the observed structures and their tend!ly assumed that molecqlar chirality that dete.rmlnes the sign
perature sequence, but it cannot be easily adapted for R the helical structure in the SBf phase yields only a
case of thin films. small contribution to the spacial helical modulation as the
The third proposed model for the subphases is based o™C* (SMC3) pitch is large. We show in this work that the
the two-component order paramegemwhich is homogenous ~Presence of both chirality and frustrations may lead to inter-
in the plane KY) of each layer, and on antiferroelect(i) ference between th(_am, resulting in a substqntlal modification
interaction(l) between the next-nearest neighiNN) lay- ~ Of the phases and in appearance of aCgnfike structure,
ers(short names: ANNNXY model or “clock” mode) [15—  Which cannot appear in achiral systems.
19]. Antiferroelectric NNN interactions lead to frustrations  The remainder of our paper is structured as follows. In
and to formation of commensurate and short-pitch incomSec. Il, we formulate the model and present the basic expres-
mensurate structures that was confirmed by the X-ray anglons necessary for OU.r |n-V€St|ga.t|0n. Besides in this section,
optical measuremenfg —8]. we discuss some qualitative features of the structures, phase
However, up to now many genera| features of the SubiranSitionS between them, and phySICaI meanings of param-
phase structures are not yet clear. For example, it was fourf€rs entering the model. Section Ill is devoted to the nu-
that the pitch in the S@* phase could vary substantially m_encal stydy_of the model. We present structures and phase
even in similar compoundg20], have different temperature dlggrams in different ranges of th_e_model parameters, s_ample
dependencieéincrease or decrease with temperat(ise20], thicknesses, and external _condltloffsr bulk samples in
and change continuously from the long pitch in theGnto ~ S€c- Il A-and for thin films in Sec. Il & In Sec. Il C, we
the short one in the S@f, [21]. Recently, essential differ- investigate the role of chirality, which in some cases can lead

ence in the structure of the ) phase in the bulk samples to strong effects even_for a smal_l magmtud_e of_the chiral
. o contribution. We end with some brief conclusions in Sec. IV.

and in the thin films was reportd@2—-24. Moreover, struc-

tures without the short-pitch helix were found in thin films.

Transitions between these structures take place with a 90° Il. THEORETICAL MODEL

change of the electric polarization directif#8,24. The na- In order for the later discussions to be made smoothly, we

ture of modification of the S@ phase in thin films with g6 here the qualitative description of our model. As we
respect to the bulk is not clear. already mentioned in the preceding section, recent experi-

In this paper, the generalized ANNKY model was  ments resulted in the determination of the structures of polar
used to describe the possible phase diagrams, transitiong,iq crystalline phases. Some of them can be theoretically
and different structures resulting from frustrations in bulk yescribed by continuous Landau-type modskse, e.g., Ref.
samples and thin films. The bulk phase sequence s the monograpti26], and references hergirHowever,
SmC* (SmC})-SmC;-SmA  or  SnC*(SmCR)-SMCE 1~ even for these phases the continuous Landau theory may not
SMCE,-SMC},-SmA observed in experiments can be ob-pe applied to thin films composed of a small number of
tained in the frame of this model by including into the free Jayers. To describe phase transitions and structures in polar
energy expansion the energetic barrier for azimuthal molecusmectic liquid crystals, we use the discrete phenomenologi-
lar reorientations. cal XY model with nearest-neighb@dNN) and next-nearest

In thin films surface ordering leads, as a rule, to suppresneighbor antiferroelectric interaction@ANNNIXY mode)
sion of the bulk Sr&7, helix and to formation of sequence of [15-19. In this theory, smectic films are modeled as stacks
planar structures. Such structures in thin films were observedf N layers with the two-componerti.e., 2D vectoy order
experimentally{22—-24. Planar structures of two types were parameter , wherei stands for théth layer (Fig. 1). The
found in our calculations. The first one results from free energy of aiN-layer film can be written as an expansion
synclinic-anticlinic(for the low-temperature S8t phasg¢or  over the structuralg) and polar P) order parameters. Mini-
anticlinic-synclinic (for the low-temperature S@j phaseé mization of this energy with respect to the polarizatien
reorientation in the center of the film, where the tilt angle isgives a relation betweeg and P. So the final energy de-
small. These transitions are also accompanied by the 908ends only oré with renormalized coefficients of the expan-
reorientation of the polarization direction. Such transitionssion.
with the change of polarization directiofisansverse to lon- The simplest base expansion of the free energy for
gitudinal and vice vergawere observed experimentally coupled smectic layers with NN and NNN interactidig —
[23,24). For some values of the interaction parameters, espet9] reads
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Fo=F,+F,+Fj, (2.1 rier for azimuthal reorientations of molecules between syn-
clinic and anticlinic structures. The simplest term providing
where such a barrier is
1,1 , 1 5
Fi=3 |Sa08t+ Zboéi+ saobi &2, (22 Fi=aa2 [§%& .11 (2.5
I

1 Due to the biquadratic interaction this term as wellFasis

Fzzzalz & &1y (2.3 more essential at low temperatures, when the tilt angle is
I

large.
The SnC* phase is observed in compounds with chiral

and molecules. The chiral interaction is usually presented in the
free energy by the so-called Lifshits term, which can be
Fo=bi> /(& 1-&+EE+). (24)  taken in the form
I
In Eq. (2.2), ap=a(T—T*) andb, are Landau coefficients F5=f§i: [EX&1];- (2.6)

describing the Si to SnC transition in noninteracting lay-

ers. F, corresponds to the conventional gradient termin secs. 11l A and 11l B, we presenfunless the opposite is
(dg/dz)? of the continuous Landau theory. In systems withsaiq the results of our calculations without the chiral term
planar tilted smectic phasedld/dz)® describes the fluctua- and in Sect. Il C, we investigate the effects induced by
tions of the tilt 6. This contribution to the energy stabilizes chirality. When the calculations are made without the chiral
the synclinic structures (S@) for negativea, and anticlinic  term, we shall use the notations without the starg.,
structures (Si@,) for positivea;. It is worth noting thatin  smC_), and the star superscript denotes that the chiral term
the systems under consideration with the vector order paramjs introduced. When referring to experimentally observed
eter this term is responsible not onIy for fluctuations of thePhases, we shall use the traditional notations for chiral ma-
modulus and of the phase of the order parameter but also fegrials with the star.

subphase formationE; also describes the coupling between |t is established29] that in some compounds the tilted
the neighboring layers. The last term in E.2) may lead to  smectic state can be very close to the Landau tricritical point,
frustrations of synclinic and anticlinic homogenous orderingso for the correct description of the temperature dependence

in the system, since a&,>0 it favors anticlinic orientation  of the tilt order parametefl, the sixth-order term in the free
in next-nearest layers, which is incompatible with these hoenergy has to be taken into account

mogenous structures. Due to these competing trends darge

results in the formation of compromise commensurate or in- 6

commensurate (S8f,) structures releasing frustrations. F6:CZ 3 2.7
The physical meaning of different terms was discussed

previously in the literatureF, is determined by a certain wherec (as well asa and b, above should be positive.
competition of conventional steric and van der Waals inter{owever, our numerical analysisee the following section
actions that have different signs and favor synclinic and anshows that this term leads to some change of the temperature
ticlinic ordering, respectively27]. As was shown by Osipov dependence of the order parameter, but does not alter quali-
and Fukudd28], strong correlations between transverse mo+atively most of the results. Thus, in this work, unless other-
lecular dipoles located in flexible chains can also be respongise stated, we present data obtained without the sixth-order
sible for the anticlinic configurationF; arises from the term in the free energy.
short-range dispersion and quadrupolar interactions. Like- |n the films, there are two effects related to the existence
wiseF», this term, depending on its sign, stabilizes synclinicof the surfaces. First effect is pure geometrical one. The sur-
(by is negative or anticlinic (b, is positive ordering. The  faces break the translational and rotational invariance. Due to
interaction §- & ,) coupling next-nearest layers may have this fact the properties near the surfgead on the surfade
different nature, in particular, it results from the large flexo-should be different from the bulk properties. In our case, this
electric effect27]. geometrical factor is accounted automatically, via the miss-
In our calculations, we also introduced some additionaing part of NN and NNN interactions for the surface layers,
terms in the free energy expansion. It is known that takingand NNN interactions for the layers next to the surface. Be-
into account the nearest-neighbor interaction only in a bilinsides certainly there are physical modifications of the system
ear form, F,, leads to formation of either SB{SmC,)  due to the existence of the boundaries. Surfaces can suppress
phase atja;/a,|>1 or a short-pitch structure gt /a,| the bulk orderingthis case is called the ordinary phase tran-
<1 at all temperatures below the 8nmi17-19. The ques- sition), surfaces can enhance the bulk orderiiigs called
tion thus arises whether a more reasonable model can e extraordinary phase transitipror as a third possibility
found that would predict the observed experimentally phassurfaces can experience their own intrinsic critical behavior
transition between S@Y, and SnC*(SmCj). To get this (it is called the surface phase transitioThere is also a
phase transition, one has to introduce a certain energetic bagpecial phase transition that is in some sense intermediate

041716-3



DOLGANOQYV et al. PHYSICAL REVIEW E 67, 041716 (2003

between the ordinary and extraordinary phase transitions. Tans from 1 toN). To find the global minimum, minimiza-
include the physical modification of the surfaces into ourtion was repeated from 100 to 1000 times for random input
consideration, we took the first term of the free energy extrial structures. To determine the bulk phase diagrams, we

pansionF; for the surface layers in the form take the film thicknesses up to 200 layers and the surface
1 term (2.8) was taken the same as in the bule., a’'=«,
Ear(T_TS)(giJr &), (2. andTs=T*). We believe that this approach enables us to

catch all essential features of the bulk behavior. Ror

>25, we did not find any essential variation of the param-
eters of all the resulting structures in the middle part of the
film. Besides, we conducted a check of the structures and

In Sec. Ill, we present the results of the numerical Stud)phase transition temperatures for the bulk sample: the mini-

of the model, namely, the equilibrium structures and phas&'M of the fre_e energy for an Ir_lflnlte_ sample was found
diagrams in different ranges of the model parameters, samp[Eo™ & Set of trial structures, obtained in the central part of
thicknesses, and external conditidifisr the bulk samples in the thick films. The accordance_b_etween the results obtained
Sec. Il A and for the thin films in Sec. Il B In Sec. lllC, by these two methods was sufficiently go@dg., the phase
we investigate the role of chirality, which can lead to notice-transition temperatures coincided with the accuracy better
able effects even for a small magnitude of the chiral contrithan 0.2 K. Formally, our procedure is not totally exhaustive
bution into the free energy expansion. W|_th_ respect to all p_053|ble str_ucturéesg., there is no exact
Minimization of the free energy was performed by pro- Minimization algorithm for incommensurate structyres
jected gradient quasi-Newton limited memory algorithm of However, good agreement between the valueg ofp; , and
bound-constrained optimizatigB0]. The developed numeri- the phase transition temperatures obt_alned by the both meth-
cal code allowed us to conduct calculations using simulta®ds, enables us to assume that we did not lose any structure
neously all listed terms in the free ener®1)—(2.8). How- N our method of the calculations. _
ever, analysis of the above model, as a rule, was performed T0 confront our predictions with experimental ob_serva—
using a limited number of terms in the free energy, to disen!lons, we always use temperature as one of the coordinates of

tangle the influence of different terms on the possible equithe phase diagrams. This allows us to compare more easily
librium structures and phase transitions. the results obtained in our simulations with existing experi-

mental data.

where T is the surface transition temperature in the film
without interlayer interactions. The validity of such a mod-
eling of the surface effects will be discussed in Sec. Il B.

lll. CALCULATIONS 1. Phase diagram for the free energy+F +F,+F,

A. The bulk phase diagrams The free energy in the forn2.2) upon decreasing tem-

The short-pitch structure (SBy,, SmC*) appears in the perature yields a phase transition from Ao a tilted struc-
case of frustrating interactions, i.e.,@t>0, and only this ture, in which the rotation of; from layer to layer is deter-
case will be examined in our paper. In this section we studynined by the frustration terma,§-& .., i.e., anticlinic
the influence 0F21 F3, andF4 terms and their combinations orientation of NNN Iayers. The rotation of the tilt plane be-
on the formation of the subphases and their structural propveen NN layers is not fixed by these terms. The interlayer
erties. Here and below, we seg equal to 1, thus employing interactions between NN layers={) determine the angles
the units witha measured in 1/K and keeping all the other between the tilt planes: for a large absolute valueagf
coefficients dimensionless. The value @fwas chosen, so namely, at|a;/a,|>1, the structure of the tilted phase is
that the order parameter moduldswas 0.3-0.4 rad aAT  Synclinic (a,<<0) or anticlinic @,>0). At [a;/a,|<1, the
=10 K below the phase transition from the bulk Sro the ~ Structure is formed with rotation of the tilt from layer to
tilted phase(these magnitudes af are typical for Srie lig- layer. It might seem that this phase resembles the short-pitch
uid crystals. SmC* phase, but independence &fp=¢;.,— ¢; on tem-

It is worth mentioning that the full investigation of the perature[A¢=arccos(-a;/a,)] [19] and absence of the
phase diagrams even in the case of a limited number of inphase transition to the SB{SmC,) phase, disagrees with
terlayer interactions, requires considerable amounts of conthe experimental data. The phase sequence-SmcC,,-
putational work. Frustrations can lead to formation of vari-SmA may be obtained upon introducing into the free energy
ous nontrivial structures. It is one of the reasons why in spitéhe termF,, which provides the energetic barrier between
of a number of publications a complete analysis of the rolesynclinic and anticlinic ordering.
of different terms in the free energy expansion is still not Figure 2 shows a typical phase diagram in coordindtes
available. Moreover, most of the previous calculations were-Ty anda, /a,, whereTj is the transition temperature from
made, as a rule, under some simplifying assumpti@ng., the SnA to any tilted phase. The phase diagram was calcu-
linear dependence of the order parameter plgasa z, con-  lated for different values of the parametgr. The other pa-
stancy of# in different layer$, which restricted the variety rameters have been taken as=0.01 K™%, a,=0.02, a3
of possible equilibrium structures in the phase diagrams. =0.05. In presence of the barriét,, the SnC(SmC,)

In the present work, the calculations of the structures andtructure is formed both &&,/a,|>1 and afa;/a,|<1. In
of the phase transitions were performed by means of minithe SnC, phase near the phase transition to theASstruc-
mization of F both overf; and ¢; in all layers of the film {  ture, the pitch is almost insensitive kg, i.e., the same as it
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2 - - - - T arrangements is critically important. One of the possibilities
ir ] would be the observation of nonresonant x-ray scattering re-
0 lated to the layer thickness modulation. These satellite peaks
« - ] should appear at the wave vectas=Qy(n*3), where
5 2 ; : ] Qo=2/d, d is the average layer thickness. The most inten-
= 3r ] sive peaks in the six-layer structure are@t=2Q,/3 and
~ 4T ,§ ¢ ] Q,=4Q/3, i.e., the same as in the three-layer strucfafg.
Sty AN IRY /] Assuming a simple sinusoidal electron density modulation
6 4 N S ithin each smectic layer, we can easily find the ratidith
SR\ ENENE P i ver ly
8 . :.\E \ i \ respect to the main harmonic @y=2/d) of Fourier har-
-1.0 05 0.0 0.5 1.0 monic amplitudes modula
a,/a,

Az  36y3 Ad
FIG. 2. Bulk phase diagram for the free energy in the fd¥m o 27 g (3.1
=F,+F,+F,. Ty is the temperature of the transition from the
SmA to tilted phases. The set of model parameters dis
=0.01 K%, a,=0.02,a3=0.05. A schematic representation of the
tilted structures appearing below the Smphase is shown in the
lower part of the figure.

for Q,=2Q,/3 and

Ayz 72V3 Ad
Ay 497 § 3.2
would be without this ternfas it should be becausg, is the
fourth-order term over the order parametdys one can ex- for Q,=4Q/3, where Ad is the difference in the layer
pect, when the interlayer interactidh, is decreased, the thicknesses. Equatior(8.1) and (3.2 were obtained by cal-
width of the SnC,, phase is increased and a four-layer struc-culating electronic density Fourier harmonics in a linear over
ture is formed neaa, /a,=0. However, the transition from Ad/d approximation. We assume sinusoidal electronic den-
SmC to the four-layer structure occurs via an intermediatesity modulations for layers, and the layers differ in their
phase(Fig. 2). In the case of positiva, it is a three-layer thicknessesthe sequence id, d, d—Ad, d, ...). Peaks at
structure, in the case of negatiag it is a six-layer one. Al Q,=Qy(n=* ¢) related to the change of the order parameter
these four-, three-, and six-layer structures upon taking int@hase could be observed only by means of resonant scatter-
consideration the chirality become nonplanar, and the fouring.
layer and the three-layer structures can be considered as ana-Approaches to the theory of polar smectic phases similar
logs of SnCf,, and SnCf,, phases. At an appropriate to ours have been made by other authors, but some important
choice of the model parameters, we can obtain the samaifferences from our work should be noted. The three-layer
temperature sequences of the structures as those observedsiructures like we found above have been obtained previ-
experimentgsee Sec. IlIB2 and Fig.(8) with the sche- ously in models, which included interactions between nearest
matic representation of the nonplanar structiir€he differ-  neighboring (NN), next-nearest neighboringNNN), and
ence between the four-layer and the three-lgperthe six-  next-next-nearest neighboringNNNN) layers[32,33. We
layen structures is not reduced to the pure quantitative facperformed the minimization of the free energy over both the
that they have different periods. There is also a qualitativgphase and the modulus of the order parameter. In this case,
difference, manifesting itself in the fact that in the four-layerthere is no need to invoke long-range interactiomamely,
structure only the phase of the order parameter is varied - & 3) to get the stable three-layer structure. In our model,
whereas in the three-layer and in the six-layer structure botf stems from only NN and NNN interactions. If one fixes the
the phase and the modulus of the order parameter are varieahodulus of the order parameter in the smectic layers, three-
The newly predicted six-layer structure has not been oblayer structure would not appear in the model including only
served experimentally so far. Like in the three-layer strucNN and NNN interactions. Thus, nonuniformity éf in dif-
ture, in the six-layer one, the order parameter moddéjuis  ferent layers is essential not only for the correct description
varied in different layers. The tilt anglé, is larger in the of the structure, but also for the very existence of the three-
layer that has the same ordering with respect to the botkayer phase itself. This variation of the order parameter
adjacent layerstwo anticlinic for the three-layer, two syn- modulus stems directly from the symmetry of the three-layer
clinic for the six-layer cell. The both(three- and six-layer structure, i.e., it should be expected to appear at the correct
structures are different from each other by the variation ofminimization of the free energy.
the order parameter phase in the unit cell, however, if one One more specific feature of the presented phase diagrams
takes into consideration only the order parameter moduluss the structural difference of the Sy phase for positive
the periodicity of the both structures is equal to three layersand negative values @f;. This possibility(i.e., existence of
This means that nonresonant x-ray diffraction sensitive to thelifferent types of Si&,) was pointed in a recent publication
difference in 6; (and hence to the layer thicknes [32]. In our case, aa; <0 the pitch increases when the tem-
=dg cosé) is similar for the both structures. perature decreases, therefore theCgnhelix is unwound at
Because many different models have been proposed, thae transition to the S@ phase. Ata;>0 near the transition
ability to discriminate experimentally the actual molecularinto the SnC, phase, the local S8, structure resembles an
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1F SmA ] 03 Ong, )
0 Pz,
; 2 Vo nuu
= > o
. 8T ] ] "ai | SmA
3} smc Smc, | = 01r . . b 1
o A i SmC, SmCy, |9,
4 Ao ! SmC,",
5 ) , 4 ! , ) 0.0 3 O-0-0-0-0-0—]
-5 -10 -05 0.0 0.5 1.0 1.5 8r {1 2 1
t QO ®
c 6 . ]
FIG. 3. Open circles represent the bulk phase diagram for the 2 1 5 2 453 o
free energy in the form(2.1). T, is the temperature of the 2 4 tesesesescnes i
SMA-SnC,, or SMA-SmMC(SmMC,) phase transitions. The model pa- (—'l
rameters arer=0.006 K !, a,=0.005,|b,|=0.07. Closed circles B -
represent the phase diagram with the sixth-order tegn2.7). The T O2[ eeeeeerer ]
model parameters are=0.01 K™%, a,=0.02, |b;|=0.1, c=0.5. e sosee
b, is positive in the right half of the diagram and negative in the left 0 8 6 4 2 0 >
one. The triangles and the dashed lines represent the diagram for the T-T, K

low-temperature antiferroelectric phase with positibe in the

whole region of the phase diagram. FIG. 4. The tilt anglga) and cell periodb) versus temperature

in SmCx , SnC§,,, SnCE,,, SnC% (incommensurajephases. A
schematic representation of the nonplanar three- and four-layer
anticlinic one twisted in a long helix. The pitch of this helix structures is shown in the upper part(bj. The distortion angles
(as well as fora;<0) decreases with the temperature. How-appears due to chirality. Up and down trianglegancorrespond to
ever, this argumentation makes sense only for the case ddyers denoted by 3 and (2) in (b). The set of the model param-
quite long pitches. When the pitch decreases substantiallgters ise=0.01 K™%, a;=—0.002,a,=0.004,b,=0.02,¢c=0.5,
we cannot any longer describe the system in terms of ant@ds=0.01.
clinic ordering of adjacent layers and of a pitch for the anti-
clinic pairs. It can be done in the S} phase where the
helix concerns the twist of anticlinic pairs, and for theGfn  triangles and the dashed lines show theCsnphase bound-
no disagreement exists as the pitch of theC3mhelix is  ary whenb; remains positive in the left part of the diagram.
much larger than the layer spacing. &>0 a continuous In this case, Si@, phase exists below the dashed lines. The
evolution of the helix in the whole temperature interval will appearance of the structures depends on theaafia,. At a
be described if we follow the twist of the single layers. In relatively largela; /a,|, (in the case of, negativeb; posi-
this case, the S@" pitch in the low-temperature region only tive), besides the S@) , other commensurate structures ex-
slightly exceeds the two layers distance and it increases witi$t. Even a richer phase diagram is obtained with the barrier
the temperature. Such temperature behavior of th€ Sm termF,. Figure 4 shows an example of the temperature de-
pitch ata; >0 is opposite to the case with <O0. Itis worth  pendence of the tilt angle and the cell parameter of the struc-
mentioning that for different compounds the both types oftures. Introduction of the Lifshits term results in the forma-
the behavior(decrease and increase of the pitch with thetion of nonplanar structures shown in the upper part of Fig.
temperaturghave been observdd —8|. 4(b) (view alongz axis). Optical datd 6—8,34 indicate that
the azimuthal orientation arrangement in the@Sm phase
presents a distorted clock structure and that the polar sym-
metry is quite largd34]. The angles is from about 30° to
57°[6—8,34. The structuresFig. 4) appear in the sequence
An alternative scenario to obtain the 8m gpserved in the classical antiferroelectric material MHPOBC
SmC,-SmC(SmC,) phase sequence is related to the termin samples with high optical puritj33]. As we mentioned
F3 in the free energy expansion. Figure 3 shows the phasgarlier, in the three-layer structure the tilt angle is not a con-
diagram for the free enerdy, (diamonds and open circles  stant in different layerfup and down triangles in Fig.(&].
Likewise in the previous case, the 8 phase appears at The tilt angle is larger in the layer with molecular orienta-
|a; /as|<1. The sixth-order tern’ in the free energyR tions closer to anticlini¢orientation of the tilt plane denoted
=Fy+Fg) somewhat modifies the temperature dependencky 3 in Fig. 4b)]. Dynamical light scattering measurements
of the SnC_,-SMC(SmC,) phase transitions but does not [34] show that the interlayer interaction coefficients in the
qualitatively change the shape and topology of the phas&ee energy might be of comparable magnitude to intralayer
diagram. Closed and open circles represent the phase dieeefficients. This important conclusion about the interlayer
gram when botta; andb; change their signs at; =0. The interaction confirms the validity of our calculations of the

2. Phase diagram and structures for the free energy=f-,
F=F0+F6, and F=F0+F4+F6
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SmCE,, phase structure because the variatiom,ah differ- 06kt ' ' ' ]
Fl1 M i ; _ _ . 0, 0 N=6
ent layers is due to the interlayer interactions. The difference —_— 8,6
in the order parameter modulus in different layers is de- 0,5 T
o . 0.3} o, ——5 :
creased wherd is increased and it gets down to zerodt 2 0,, T~ 6,
=120° (the symmetric “clock” configuration However, as 3 ~39, T
it was experimentally established, the three-layer structure is @ 0.0f /9’— 0;, 1
not symmetric 6+ 120°), and hence one should expect the S /4
difference of6; in the layers of the S@F,, phase. F -03f 0, 1
Summarizing the results of the phase diagram calculations ——/e”

we can state that the main features of theC3nphase may 06 6 a -
be described using one of the terms of the fourth order ( ' ' '

or F,), but for full description of all smectic subphases other 06 91\ 0, 0,
terms F5, F,, and F5) have to be regarded in the free 0, e
energy expansion. In the phase diagrams, the stability lines 5 93[ R 0 T
are symmetric aboué,/a,=0 but the structures of sub- ? &\5 0
phases may be different. However, even in this case a spe- L 0.0 g
cific symmetry exists. Two structures appearing at the equal S ﬂ 8
values of|a; /a,| are similar in the following sense: if in the = o3} 94/ 0 2

. .. . = —_— 25
left part of Fig. 2 @;<0), we change the synclinic orienta- 92/ Y
tion in neighboring layers to anticlinic and vice versa, we 06k 0, s b |
will obtain the structure of the right part of the figure. For . : . :
example, the six-layer structurig. 2, left parj will be- 5 OT . K5 10

- o

come the three-layer structure.

FIG. 5. Tilted planar structures in six-layer films for the case of
B. The structures and transitions in thin films low-temperature synclini¢a) and anticlinic(b) phases. The sub-

As it was explained before, the physical modification 0fscripts of §, denote the Iaygr number Withiq the_ film. These struc-
the surface layers with respect to the bulk ones was takefiireS occur for the phase diagrams shown in Fig. 3. The data in the
into consideration by the surface free enet@yB). Different igure correspon(ito the case pf the free energy with Ehe sixth-order
conditions on the surface may lead to incref@%36 and to term and_|al_/a2|—_0.4.. Transitions occur with the 90° change of

o the polarization direction.
decreas19,36| of the transition temperature from Juto
the tilted phases with respect to the bulk sample. It is well
established experimentally that the tilted structures in thdéransition temperature, reorientation of the tilt planes occurs
films are observed at higher temperatures than in the bulkn the film (Fig. 5. The relative direction of the molecular
samples, both for synclinic and anticlinic ordering. It can betilt in two central layers changes to the opposite: synclinic to
understood, since due to fairly large surface tension surfacenticlinic[Fig. 5a)], anticlinic to synclinic[Fig. 5(b)]. How-
fluctuations of the order parameter are considerably hindereever, the azimuthal interlayer ordering in the other parts of
in the films and it increases the surface transition temperaturine films is not changed. In the case depicted in Fig. 5 the
Ts. In our calculations, we tooK, such that the temperature transition occurs in a stepwise manner, below and above the
difference between the transitions Brtilted phases in the transition the structures are planar. The structures without the
two-layer films and in the bulk sample is equal to the experi-short-pitch helix were recently observed in compounds with
mentally observed value 30 K35]. Our numerical results the SnC* phase[22-24. In N-even films after the transi-
show that a variation of the parametef in some natural tion, ¢ in the central part of the film remains nonzero. In
limits (within about 40% induces some shift of the transition N-odd films(Fig. 6), #=0 in the central layer. If we include
temperatures in the films but does not lead to a qualitativalso the chiral Lifshits energy, it will lead to a small nonzero
change of the equilibrium structures and of the sequence afit in the central layer. However, even in the case of zero tilt,
the transitions. Due to this reason and for the sake of simthe orientations of the upper and lower halves of the film are
plicity, the results presented in this section were obtained atorrelated due to the NNN interactions: the anticlinic orien-
the same value ok’ as for the interior layers of the film.  tation of next-nearest neighbors is obtained both for the case

Figure 5 shows the tilt angle profile in a six-layer film  of the low-temperature synclinic and anticlinic structures
for a set of parameters corresponding to the phase diagram (fig. 6).

Fig. 3 for|a, /a,|=0.4 (with the sixth-order term taken into Figure 7 shows the transition temperatures for different
account. The calculations were performed for the synclinic film thicknesses. The transitions from Snor SnC, occur
[a;/a,=—0.4, Fig. 8a)] and anticlinic[a,/a,=0.4, Fig. when @ in the center of the film is sufficiently small, i.e.,
5(b)] low-temperature structures. Without the chiral term,when NNN frustrating interactions become comparable to
these synclinic and anticlinic structures remain planar. SurNN interactions. This phenomenon increases the phase tran-
face ordering results in a certain increase of the molecular tilsition temperatures upon decreasing the film thickness.
angle from the center of the film to the surface. At the tem- At further temperature increase a second phase transition
peratures slightly exceeding the bulk 88mC,)-SnmC,  occurs(Fig. 5). This transition temperature also increases as
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' ' ' ] number of planar structures. Such kind of the behavésr

1,5 0 N=5 well as even-odd alternationsas experimentally observed
0, e in the films of different thicknessd®3,24. At the transi-
tions, the symmetry of the film with respect to its center
changes: antisymmetric-symmetric-antisymmetric for the
0. - low temperature synclinic statgFig. 5@)], symmetric-
antisymmetric-symmetric for the low-temperature anticlinic
state[Fig. 5(b)]. For the polar structures, such variations of
the symmetry should lead to 90° change in the direction of

0.6

o
W

)

-
7/ ®
[3)

L
N

Tilt angle, rad
GX ‘

o©
=)
.

o

@
T
N
L

/’_’9’ the net polarization in the films irrespective, to a nature of
0.6} . . . ° a ] polarization emerging in the films. The polarization direction
06k ' R ' ' o] is governed by the film symmetry: in the symmetric struc-
N turesP is parallel to the molecular tilt plane, in the antisym-
03 \ metric structures it is perpendicular to the molecular tilt
o i ] plane.
g % \64 Some comments concerning the polarization seem in or-
> 00 — 0, ] der here. Let us consider first the simplest case when the
8 / Iow-temperature_ structure is syncliniEigs. E(_a) a_lnd _Ga)].
F o3l ,GV 0, | In such a state in polar gtructures the polar|zat|(_)n is perpen-
i — dicular to the molecular tilt planéransverse polarizatioR,
6, b of the ferroelectric smectjcAfter the first transition the po-
06 . . . ] larization becomes longitudin&, (parallel to the molecular
-5 0 5 10 tilt plang). The next transition is again to the state with the
T Ty, K transverse polarization. Longitudinal polarization emerges

from the interlayer polarization parallel to the molecular tilt

FIG. 6. Tilted planar structures in five-layer films for the case of Plane[28,37 and from the surface polarization. In the struc-
low-temperature synclini¢a) and anticlinic(b) phases. The sub- ture appearing after the first transitipfigs. 5a) and @a)] in
scripts of 6, denote the layer number in the film. These structuresthe upper and the lower halves of the film, the transverse
occur for the phase diagrams shown in Fig. 3. The data in the figurgolarizations point in the opposite directions, i.e., compen-
correspond to the case of the free energy with the sixth-order terrsate each other. On the contrary, the directions of the longi-
and |a, /a,|=0.4. Transitions occur with the 90° change of the tudinal polarization in the upper and the lower parts of the

polarization direction. film are the same, thus nB{+ 0. Analogous consideration is
also appropriate for all other structures.
the film thickness decreasé®r the five-layer film the sec- More tricky is the situation for the sequence of states

ond transition takes place outside the temperature scale emerging from the anticlinic structuf&igs. Sb) and @b)].

Fig. 6). Likewise for the first transition, the corresponding Even in the antiferroelectric state the film symmetries are
structure remains planar. Thus, the bulk Gpphase is re- different[38,39: symmetrical structures iN-even films and
placed in thin films by the series of transitions between antisymmetrical ones iN-odd films. The symmetry analysis
of the anticlinic structures given in the papers by Lgtkal.

is conformed with the experiments performed by the same

A . group [38,39. Our calculations forN-even films give
the following sequence of the structurfSig. 5(b)]: sym-
metric (longitudinal polarizatiojrantisymmetric(transverse

10 ] polarization-symmetric (longitudinal polarization In the

¥ N-odd films the symmetry of the structures is the opposite,
- and, consequently, the polarization direction is rotated by
90°. Such a sequence of the polarization directions at the
- . transitions in theN-odd andN-even films was really ob-
served in the films of the antiferroelectric liquid crystal with
the SnC* phase in the bulk samp(@3,24.
0 We found the reorientation in the center of thin films in a
wide range of parameter®.g., in a six-layer film in the
. . whole right region of the phase diagram of Fig. 3 calculated
3 4 5 6 without the sixth-order terimAt certain values of the param-
eters, in particular, in thicker films and in the case of the
SnC¥ phase with a wider temperature range, 180° reorien-
FIG. 7. Temperatures of the transition from the low-temperaturdation in the center of the film occurs via an intermediate
ferroelectric or antiferroelectric state for different film thickness. twisted structure. However, even in this case, the rotation of
The set of parameters is as in Figs. 3, 5, and 6. the tilt plane occurs mainly in the central layers of the film. It

Number of layers
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N=7 N=8 surface or the center transition occurs below the temperature
, y , range of the SI@* phase in the bulk sample. We should note
7 7 7 ; / / that the transitions near the surface do not change the sym-
SmC 7 . \ . } 7 . § . § metry of the film and consequently the polarization direction
7 \ / ; § 4 also remains unchanged.
§ 4 N 5 / \ To summarize the results of our modeling of the transi-
/ \ tions in the thin films, we emphasize that the structures in the
films can be substantially different from the structures in the
/ / Y < < ( bulk samples. The surface ordering, which implies a greater
> § Q / \ \ value of the order parametéron the surfaces leads not only
SmC, \ —  — | > — ( — j to the shift of the phase transition temperatures, but also to
( § ; \ / \ an essential modification of the profile of the order parameter
/ / \ ( < > phase¢ in the film, in particular, to the planar structure

formation.
FIG. 8. Planar structures emerging from the ferroelectric and

antiferroelectric phases at the surface transitidnsAt higher tem-

peratures the transitions take place in the center of the(#JoN is

the number of layers in the film. The set of model parameters is as

in Fig. 2. Molecular chirality leads to a number of structural
changes in S@ variant phases. We have mentioned already
that at the transitions in the film@ig. 6) chiral symmetry

breaking allows a nonzero tilt in the center Ig¢fodd films.

's worth mentioning that the symmetry consideration de'We found that the strongest effects arise at a combined action

tsr(]:ent;sv?s?ggv;rljci?r%rsp\rilvaeteccc))rllll)é fc(;rn}he d%'ﬁ::rtﬁgugsjer;s';%f chirality and frustrations. In the commensurate phases, it
' y Y€ftads to formation of the nonplanar three- and four-layer

directions of the tilt planes with respect to polarization. The , . . . .
behavior of the twisted structures in the electric field Wasstructures with a large distortion anghdFig. 4). Even in the

. A : .
investigated recentlj4d]. case of relatively small chirality when in the 8h(SmCj%)

Our calculations predict not only the reorientation transi-phase the layer-by-layer pr_ecesgion of the tilt angle is of the
tions in the center of the film, but also the possibility for the order of few degrees, the distortion anglenay amount tens
reorientation of the layers near the surfaces. These transitior?g degrees. . N . ) )
can occur, in particular, in the case of the phase diagram Ysually the helicity of the S@* (SmC}) phase is attrib-
presented in the Fig. 2 for the phase transition sequenc‘éted to th_e chiral interaction, but in reality, the phase shift
SMC(SMC,)-SMC,-SmA. Figure 8 shows the transition se- (i.e., rotation of the tllt.plan)ebetV\ieen the aQJacent layers
quence in a seven-layer and in an eight-layer film. In this2®=¢i+1—¢; not only in the Sn&; but also in the SIg*
case, the first reorientation takes place between the secof@se is determined by the both chiral and frustrating inter-
and the third layer from the surface. The physical argumentgctions. In the bulk S@* samples near the transition to the
leading to this phenomenon may be understood as followsSMA phase the “pure chiral” phase shifte, in the absence
In comparison to the bulk, for the surface layers both theof frustrations(i.e., ata,=0) is
structure-stabilizing NN interactions and frustrating NNN in-

C. The effects of chirality on the pitch
and subphase structures

teractions are decreased in twice, i.e., equally. For the layer A= 2f 3.3
nearest to the surface only the NNN interaction is decreased %o \/a§+4f2' '

twice times. Thus, for the interface between the first and the

second layer frustrations are weaker than for the bulk layerdf the both effects are includedy¢ can be found from the
The opposite is the situation for the layers next neighborindgree energy expansion as

to the surface and for the interface between the second

and the third layers. Due to a relatively large tilt anglein ) a, )

the surface layer, the frustrated interactigmamely SiN(A¢—Apg)= ms'” e, 3.4
(1/8)a,0,603] can exceed the interaction stabilizing the ho- !

mogeneous structudg 1/2)a; 0,65]. This is the reason for whereA ¢, is given by Eq.(3.3). Equations(3.3) and (3.4)
the surface transition. At further temperature increase, likez e written in the quadratic ovef approximation for the
wise for the cases described abd¥gs. 5 and Bthe tran- jniajaver interactions. Near the EM(SMC%)-SmA phase

tS|t|on't|.n the certnrt1er of ';he film occu(si;;g. ?)t'hNOte ;Ehat the transition and with the pitcp longer than 1®smectic layers,
ransition near the surface occurs whemt the surface ex- g4 3 4 can be brought into a more compact form

ceeds sufficiently the values @fin the other layers. When
p=po(1—|ay/ay), (3.9

the interlayer interactions are increased the difference be-

tween the tilt angles®® on the surface and in the interior

layers is decreased. This suppresses the reorientation near thibere p, is the pitch in the absence of frustrations and
surface and the first transition takes place in the middle ofa,/a;|<1. Thus, in the presence of the chiral and frustrat-
the film. In the situations described in this paragraph, the firsing interactions, a very peculiar interference phenomenon
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10— leads to a nonzero twist in the whole temperature range of
a 1 , the tilted structures. It is worthwhile to remind the

-\-\5 cholesteric-nematic phase transition where even an infinitesi-
mal small chiral contribution induces helical orientational
ordering (although with a huge pitoh In this case, strictly
speaking, one cannot say where the transition occurs, as the
symmetry of the phases is the same, and a smooth tempera-
ture change of the order parameter modulus and phase takes
place. Such a continuous evolution of the pitch and of the
; layer spacing(and hence the tilt anglewas observed re-
o+ cently in the temperature region of the 6 and SnC*
o , phaseq21]. Experimental observations and our calculations
60y bA Smcf- i state the question what in reality is the Sfn phase in a
a tsmc” chiral compound: a distinct phase, a short-pitch variation of
e s , ’ | the SnC*(SmC3) phase or in different compound, we are

| dealing with qualitatively different structures. This question

e @ goes beyond the scope of our model, however, such a prob-
20l Loaie i lem should obviously hold for other chiral frustrated
By Ty systems.

100} 2 .

50~

pitch, layer units

pitch, layer units
b
y

0— 5 ! 5 0 IV. CONCLUSIONS

o K Investigations of polar smectic liquid crystals are not only
interesting for basic research but also for modern electronic
FIG. 9. Influence of the frustrating interactian and chiralityf and material science applications. However, for a long time
on the structure near the &M(SmC3)-SmA (a) and S“_%Z'S'm not only the structures of subphases were not known, but
(b) phase transitions. If8) a,=0 (curve 3, 3,=1.5<10 * (curve gy gyjitable methods of their determination were not devel-
2), 8p=1.75<10 (Cuw_e 3. az:,}'SSX_lo (Curv?f' Th_e other oped, and theoretical interpretations were rather obscured.
T_ng! 1p0a_rfm?teri arfe_—oo.01| K éal._l_ 1‘?3(_120 ; ?3_0'05' Recent x-ray and optical investigations demonstrated that
- SN (_)4 =0 (closed circley f=2x10"" (open spatial modulation of the order parameter phasgoverns
squares f=5X10"“ (open triangles The other nonzero model
the structure of these phases.

parameters arer=0.01 K%, a;=—0.018, a,=0.02, a;=0.05. . .

Due to chirality there is no qualitative difference between the The message of our paper is tha_t the main features of

SmC* and SnC* phases. these complex structures may _be de_rlveql from the relat|_vely
simple free energy expansion including just the interactions
of the nearest and of the next-nearest layers. Lacking suffi-

. . .cient data on the interaction parameters one can at present
between the both effects can considerably modify the he“)feasonably discuss only the general features of the polar

structure. Figure @ demonstrates the pitch temperature de'smectic structures and therefore, we include in our model
KlilnNdefnce(CU(ves_from 1. to ﬂ_when the rga%r;ltudg of tht? | only the terms necessary to capture the correct shape and
rustrating Interactions Is increased. osed sym OStopology of the phase diagrams. Our calculations are rather
correspond to the_ case when_ the Gfn pha_se is absent economic in time, and the agreement with experiments indi-
(SmC*-SmA transition, i.e., without the chiral term the cates that we are on the right track.
structl_Jre would be planagthe pitch is®). _If only the_ chire_al We examined the layer-by-layer dependence of the order
term is presentd,=0, i.e., no frustrationsthe pitch is  Harameter phase in three-layer and four-layer structines
rather large even near the transition to thQASpmasg(about formation about which was obtained from optical da&nd
115 layers, curve )1 However, at the combined action of the e gpatial modulation of the order parameter modulus in the
chirality and frustratlo_n the short-pitch §tructure appears neafree-layer subphaséin this respect, the present paper
the SnC*-SmA transition (curve 3. This phase resembles g,pplements our recent stufi§i]). Our calculations predict
structurally the Si@7, phase, and, moreover, the temperatureas well the formation of the six-layer structure. Since this
dependence of the pitch near the Srphase resembles its phase is emerging from the same form of the free energy as
dependence in the SBj phase(curve 4 was calculated at the already observed three- and four- layers structures, no
a;/a,=—0.97, i.e., when the short-pitch structure appeargeasons can be seen why the six-layer structure would not
even without chirality. also exist.

The structural changes of the &h and SnC* phases Even for the simple smectic structures, where in the bulk
upon increasing the chiral coefficiehare illustrated in the sample the phase of the order parameter does not play any
Fig. 9b). At f=0 (i.e., without the chiral Lifshits contribu- essential role, confined geometry leads to formation of non-
tion) the SnC-SmC,, phase transition manifests itself in the trivial structures[41]. Due to the coupling between the
formation of the twisted structurfFig. 9b), closed sym- modulus and the phase of the order parameter, the short-pitch
bols]. The chiral ternFig. 9b), curves with open symbd|s structure observed at constafitin the bulk, may become
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unstable in the case of nonconstarih smectic films. Owing However, a real manifestation of this feature was found rela-
to the surface ordering), is minimal in the center of the film. tively recently in the structures of smectic polar subphases.
Because the NNN frustrating interaction has a longer range The experimental situation is now changing, and tech-
with respect to the interaction stabilizing synclinic or anti- niques in the film preparation and in optical and x-ray mea-
clinic structures, it includes the layers with greater value ofsurements progress to the point where tiny details of the
0. According to this, the frustration energy in the center ofstructures can be measured with a high accuracy. Further
the film may exceed the energy stabilizing the homogeneousxperimental and theoretical investigations are required for
orientation. This leads to the reorientation in the center of thaevealing the detailed structure of subphases and relations of
film. Another “weak point” in the film where the reorienta- microscopic interactions to their macroscopic properties.

tion may take place, is the interface between the second and
the third layer from the surface. At these transitions the sur-
face layers preserve their orientations. Even more complex
are nonplanar structures with nonhomogeneous profile of the This work was supported by the Russian Foundation for
order parameter. It was established long ago that the ordéasic Research Grant No. 01-02-16507. One offu&.) is
parameter of Si@ liquid crystals is a two-component vector. indebted to INTAS(Grant No. 01-0105for partial support.
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