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Both phenomenological and molecular-statistical theories of the anticlinic sn@ctptase(Sm-C,) are
considered in detail. The anticlinic structure produces antiferroelectricity in the chiral sr@gcpibase(Sm-
C,*). The molecular theory is based on a simple model potential which stabilizeS Snith respect to the
synclinic smecticc phase(Sm-C). Conventional dispersion and steric interactions between mesogenic mol-
ecules generally do not promote Sp-. It may be stabilized by interlayer orientational correlations between
transverse molecular dipoles located in the flexible chains. Such correlations are not sensitive to molecular
handednesgchirality), and thus the theory accounts for the formation of the anticlinic phase in racemic
mixtures. The model is also confirmed by other experimental data. Finally a simple phase diagram of the
perfectly ordered smectic liquid crystal is presented which containAS8m-C, and SmE, .

PACS numbeps): 64.70.Md, 77.80-¢e, 34.20.Gj

[. INTRODUCTION very attractive from an application point of view, causing the
temperature induced sequence of phase transitions to re-
The discovery of the chiral antiferroelectric smedfig- semble the Devil's staircadd3,14. The frustration is also
phaseSm-C,*) in a liquid crystal compound has shown that related to the thresholdless, hysteresis-free, V-shaped switch-
the antiferroelectric ordering can be stabilized in a meding induced by an applied electric field3,15,16. The
sophase without true long-range positional orftef This  V-shaped switching is very promising for a new generation
was a surprising and fundamental condensed matter findingf liquid crystal display$13,17,18. To understand the frus-
and prompted intensive research into the structure and prop-ation and to develop new liquid crystal materials, it is im-
erties of SmE,* [2]. Before the discovery of the antiferro- portant to elucidate the mtermolecu_la_r interactions that sta-
electric SmE,* structure it was believed that the packing bilize SmC.A* a_nd to propose a realistic mo!ecular ”?Od?'-
entropy effect as well as the Maier-Saupe-type intermolecu- We begin with a summary of the experimental findings

lar interaction causes a tilting in the same direction and sen tgat are_useful .fo'r _the theoretical cqn5|derat|ons presented
. 7 elow. The anticlinic structure was first speculated by Be-
except for a slight precession from layer to layer due to

chirality [3,4]. At that time the chiral, possibly ferroelectric resnevet al. [19] in a study of pyroelectricity for a liquid-

. h . d th hiral & oh ' crystalline mixture. Chandargt al. [1] confirmed the anti-
smecticC phase(Sm-C*) and the achiral smectic- phase clinic Sm-C,* structure in compound 1see Fig. 1 by

(Sm-<C) were the only known tilted smectic phases with fluid opgerying the disappearance of the so-called full-pitch reflec-
layers. After the antiferroelectric S@x* structure was €s-  ion band that clearly emerges in Sirt: Furthermore, they
tablished, it became clear that tilted smectic phases can bgyowed that an external electric field can induce a phase
either synclinic or anticlinic. Similar to synclinic, ferroelec- transition from SmE,* to ferroelectric Sme*, and pro-
tric Sm-C*, the tilt of the director induces the spontaneousduces an electric current peak during the transition, confirm-
polarization in each layer of anticlinic, antiferroelectric Sm-ing the existence of antiferroelectricity in S@)*. On the
C,*; the spontaneous polarization is perpendicular to the tilimolecular scale, the anticlinic, antiferroelectric structure was
plane, and its sense is uniquely determined by the tilt signfirst confirmed in compound 3 by Galerne and Liel@@)|
At the same time, an additionai-plane spontaneous polar- and then in compound 1 by Bahr and Fliegh2d]. Both
ization, which is parallel to the tilt plane, emerges at eachgroups used very thin films either floating at the free surface
smectic layer boundary in S@a*. Chirality plays a crucial of an isotropic droplet or freely suspended in a frame. We
role for the emergence of the polarization in the direction ofnote that because of the liquidlike order in smectic layers, it
the tilt plane normal5-7], but not for the emergence of the is very difficult to establish the existence of an anticlinic
polarization in the tilt plang8—11]. We note that the anti- structure by using x-ray diffraction. Quite recently, however,
clinic structure is the primary feature of SBx* and Sm-  Machet al.[2] were successful in directly observing double-
C,, and that the emergence of the anticlinic structure idayer periodicity by means of the resonant x-ray scattering
independent of chirality. In this paper we make an attempt tdechnique. It was confirmed that the tilting planes in adjacent
develop a molecular theory of achiral anticlinic SIn-. layers are exactly parallel in S@z, and almost exactly
The molecular theory helps one to understand the mogtarallel in SmE,*. In the latter case a small splitting of
interesting properties found in the vicinity of the phase tran-half-order diffracted peaks due to the helicoidal structure in-
sition between SnG* and SmC,*. The transition is of first duced by the chirality was detected. In this way, it was firmly
order, and in this domain the system is characterized by astablished that Sr8, and SmE,* have the anticlinic her-
frustration between synclinic and anticlinic orderirig,13. ringbone structure.
The frustration is not only fundamentally interesting but also At present there are more than 1000 compounds which
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model does not seem to be in contradiction with any experi-
mental data. However, it remains unclear how the in-plane
polarization is able to stabilize the anticlinic phase. As
shown by Prost and Bruinsnii@6,37], the direct electrostatic
interaction between polar planes vanishes in any smectic
phase, and thus the in-plane polarization can manifest itself
only via coupling with the tilt order parameter. We will show
in Sec. ll[see Eq.9)] that this coupling does contribute to
the stability of SmE,, but the effect is not strong enough to
be responsible for the formation of the anticlinic configura-
tion.

It is interesting to note that antiferroelectric, anticlinic
Sm-C,* has been discovered during the experimental studies
of chiral ferroelectric, synclinic Sn&* with large spontane-
ous polarization. We may conclude that the anticlinic con-
figuration should be determined by some molecular struc-
tural features that are typical of ferroelectric $n-with
large spontaneous polarization. One obvious structural ele-

ment of this kind is the transverse dipole that is often located
FIG. 1. Some examples of compounds showingSgt-or Sm- i the alkyl chain close to the molecular end. On the other
Ca. Compounds 1 and 2 are the prototype antiferroelectric liquichand, the direct interaction between such dipoles vanishes
crystals[1]. Compound 3 was used to confirm the anticlinic, anti- gfter the orientational averaging. It is shown in this paper
ferroelectric phase, on a molecular scale, which was originally desgh 4t SmE, may be established by strong orientational cor-
ignated as Sn®* and SmO [20]. A swallow-tailed compound 4is  rg|ations between such transverse molecular dipoles when
achiral but shows Sr, [31,32. All these compounds 1-4 have hay are |ocated in adjacent smectic layers. These correla-
large transverse dipole moments near the joint of the chiral ofj,ng 4re not sensitive to chirality, and are weakly affected by
swallow-tail chain, which projects obliquely from the core part any polar ordering. At the same time they can be sufficiently
[23-29. Compound 5 does not have any carbonyl grd@; stil 00 it the transverse dipoles are large and are located far
we believe that the chiral chain is bent significantly in 8mand from the molecular center

Sm-C,*. . - .
A This paper is arranged as follows. In Sec. Il we discuss

exhibit SmC,* [22]. All these molecules are quite similar in the symmetry and phenomenological theory of Sg- and
their chemical structures, and possess significantly larggonsider the origin of the in-plane perpendicular spontaneous
transverse permanent dipole moments in the vicinity of thé?0larization in the achiral anticlinic phase. In Sec. Ill we
chiral centers, as illustrated in Fig. 1. It has been shown thadive the free energy of the tilted smectic phase composed of
the chiral chain is bent even in the smectighase(SmA) rigid blaxw}l molecules. In this simple theory both quadru-
for compound 1, which is a prototype antiferroelectric liquid pole and dipole order' parameters of the sh'ort molecular axes
crystal, and for some other compourf@8—29. In this case ~are neglected. T_hen, in Sec. IV, we determine the matheme}tl-
the large dipole moments are located in such a way that the‘}"j_" .form of the interaction pqtentlal that promptes the anti-
can interact strongly when the two neighboring moleculesf:"n'c Sm<C, structure a'nd.d|scuss common intermolecular
belong to adjacent layers. One of the intermolecular interacintéractions in smectic liquid crystals. It is shown that con-
tions, which may stabilize Sr@,* against SmE*, was con- ventional dlsper5|on“and steric mtermolecular. interactions
sidered as the pairing of large transverse dipole moments i@€nerally do not stabilize Si@, . In Sec. V the orientational
adjacent layer§30]. However, it was shown experimentally cprrelatlons b_et\_Neen transverse molecular dlpqles are con-
that swallow-tailed compounds with two terminal chains ofSidered, and it is concluded that such correlations may be
equal length31,37 as well as racemate mixtur¢g3—-35  responsible for the stability of S, . Finally, the simpli-
(see Fig. 1 may also exhibit Sn€,. These results can fied phase diagram of a smectic liquid crystal material is
hardly be explained in the context of the pairing model with-Presented in Sec. VI, and concluding remarks are given in
out additionalad hoc assumptions that the pairing occurs Sec. VII.
between enantiomers of the same handed[&3s

Miyachi and co-worker$10,22 proposed another stabili-
zation mechanism for Sr@,*, which was based on the fol-
lowing experimental fact revealed using polarized IR spec-
troscopy. In SmE,* the carbonyl group near the chiral
center has a tendency to lie in the tilt plane, while in 8- The main difference in symmetry between anticlinic Sm-
it assumes a fairly upright orientation. We note that the in-C, and common S and SmE is the coupling between
plane spontaneous polarization perpendicular to the tilt planthe translation and the director orientation. By contrast to
normal, P,, is independent of chirality and exists even in Sm-A and SmE, Sm-C, is not invariant with respect to an
racemates and achiral swallow-tailed compounds. As will beelementary translation’ — z+d along the smectic layer nor-
discussed in Sec. Il below, the existence of the in-plane almal, whered is the smectic period. Instead, there is a gliding
ternating perpendicular polarization in achiral &r4s sup-  plane which is parallel to the axis and perpendicular to the
ported by general symmetry argumef&9]. Thus theP,  tilt plane. This plane corresponds to the translational-

Il. PHENOMENOLOGICAL THEORY OF
THE SMECTIC- C, PHASE

A. Symmetry elements of the anticlinic SmE, phase
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spontaneous polarizations two-fold axes mal. This parallel spontaneous polarization is related to mo-
- lecular chirality, and alternates its sign from layer to layer.
Thus the ordering of molecular dipoles in real antiferroelec-
tric liquid crystals can be rather complicated. For example,
the molecular dipoles located near the chiral center can si-
multaneously take part in two different kinds of antiferro-
- electric ordering determined by differetthiral and achiral,
respectively intermolecular interactions.

—~—

B. Order parameter and the free energy expansion

—_— - The phenomenological theory of antiferroelectric Ent
and ferroelectric SnG* was developed by several authors
Y . [5,6,13,39—44 All these existing theories operate with the
free energy that depends on the &rerder parameters for
— - individual layers. In this paper we use a more traditional

phenomenological approach similar to the one used by Pikin
and Osipov in their theory of ferroelectric S8t [45]. We
A\\ will limit ourselves to achiral Sn¢,, because in the context
of this approach the description of every new phase requires
- an introduction of the corresponding new order parameter.
o ) o ) The primary goal of our investigation is the analyses of the
FIG. 2. Schematic illustration of the S@y anticlinic herring- stability of the anticlinic ordering.

bone structure, which is stabilized by the orientational correlations Taking into account the spatial periodicity of SEnthe
of transverse dipoles in adjacent layers. The right handed Cartes'%ectlc order parameter can be written as
coordinatesx, y, and z are so defined that thg and z axes are

parallel to the tilt plane normal and the smectic layer normal, re-
spectively. Two types of, symmetry axes are located as indicated
on the right side. In-plane spontaneous polarizations emerge at
smectic layer boundaries as shown on the left side.

-

£c(2)=Eexpliqa), 1)

whereq=2m/d, and the amplltudeo is expressed in terms
of the smectic layer norma and the directon. Thus

inversion symmetry element of S@ which is invariant Zo=(e-n)[exn]. @)
under an elementary translation along thaxis, plus the 0

inversion with respect to thgz plane where they axis is  |n ordinary SmE the spatial periodicity of the order param-

perpendicular to the tilt planésee Fig. 2 Thus in SmE,  eter is insignificant because all quantities have the same pe-

we have to take into consideration the space symmetryiodicity with no phase shift. By contrast, in anticlinic Sm-

group, unlike Sme, where only the point symmetry group C, the situation is different. For example, the “primitive

needs to be considered. In practical terms this means that it ig||” of Sm-C, has the dimension of® while the density

important to consider théocation of the symmetry axes s oscillating with the periodi along thez axis. The order

within the SmE, structure. parameter of SnG, can also be written in the form of Eq.
Similar to simple Snz, there exists a twofold symmetry (1) with q=2#/d substituted for the (1/2)=2/2d,

axis which is parallel to the tilt plane norm@hey axis) and

is located in the middle of a layer. At the same time there - - [

exists another twofold axis which is parallel to thexis in 5CA(Z):5OeXp( 7) 3

the tilt plane, and is located at the layer bound@sge Fig.

2). Brandet al. were perhaps the first who insisted on theynere the vectog, is given by Eq.(2). We can readily see
importance of this axi$8,9]. In addition, in achiral SN€s  from Eq. (3) that the actual direction of the tilt has opposite
(which has been observed in racem}atd&e tilt plane is also signs in adjacent layers due to the factor @i).

Sm-C, there |s no spontaneous polar|zat|on in the directionfree energy of SN, as

parallel to the tilt plane normdkven within a single layér

On the other hand, th€, axis at the layer boundary is not 1

perpendicular to any mirror plane. Thus, according to the Foa=Fataégatbétat P Xi Py

Curie principle, in the general case there must be a sponta-

neous polarization in the tilt plane along this axis. This spon- + usP, -curl §CA+ g(curl ECA)Zr (4)

taneous polarization is located at the layer boundary, and its

sign is reversed under the elementary translation along thewhere the polarizatioR, is parallel to the tilt plane, ang,

axis. is the corresponding susceptibility tensor. Minimization of
The existence of the perpendicular spontaneous polarizdhe free energy with respect to the polarization yields

tion along thex axis was confirmed experimentall§0,11].

In chiral antiferroelectric SnG,* we find also an indepen-

P =- curl & =—iﬂ [eX Ecal (5
dent spontaneous polarization parallel to the tilt plane nor- LT TR CA 2 HiXL CAL:
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Then the real part of the polarizatidh can be written as
F=kaj fi(r,w)logf(r,w)drdew

q . (qz
P == ex &lsinl =|. 6 1
8 ZMXL[ ol 2 © +§p2f Q(rio= €12 Vau(ri2, 01,02) f1(r, 01)
At the same time the real part of S8) order parameter Xfi(rs,w,)drdr,dw,dw,
reads 1
+20KT [ (00110 £~ 1ifa(r00)
- qz
fo co{?), @) Xf1(ry,wp)dridrydw;dw,, (10)
where the vectoEo is given by Eq.(2). whereV (- - -) is the interaction energy between molecules

Thus we see that Siip possesses the oscillating sponta-1 and 2, and)(r,— &) is a step function. Here the func-
neous polarization that is perpendicular to the tilt plane nortion &, is the closest distance of approach for the molecules
mal and to the smectic layer normal. The polarization is lo-1 and 2 with fixed mutual orientation. The functiéi(r;,
cated at the layer boundary, as can be seen frommif2e —¢&;,)=0 if r,<&,;,, i.e., if the molecules penetrate each
phase shift between the polarization in E6). and the order other, andQ(r,,—&;5)=1 otherwise. Thus the function
parameter in Eq(7). This polarization changes sign from Q(r,,— &;,) describes the so called steric cutoff. The first
one layer boundary to another. The macroscopic in-plangerm in Eq.(10) is the orientational entropy, the second term
alternating spontaneous polarizatiB) appears due to a is the internal energy, and the third term is the packing en-
flexoelectric effect, becaus® is determined by the rotation tropy.
of the order parameter according to E§). Thus the micro- We will consider possible phase transitions from 8o
scopic origin of such polarization may be related to stericSm-C or to SmC, that are located far from the nematic or
interaction between molecules of polar shape. Substitutingsotropic phases. Thus we will use the simple approximation
the equilibrium value of the polarization back into the freeof the perfect orientational and translational order. In this
energy, we obtain the expression for the free energy as approximation the long molecular axasare assumed to be
function of the order parameter, parallel to the local directan(r), i.e.,a,az=n,ngz, and the

molecular centers of mass are assumed to be located in smec-

Fop=Fat+aé2, +bed ®) tic plangs. We _WiII also consider only_short-range_intermo-
CATTATESCATHSCAY lecular interactions(The long-range dipole-dipole interac-
tions will be discussed in Sec. MA molecule is supposed to
where the coefficiena in Eq. (4) is now renormalized: interact only with its nearest neighbors that are located in the
same smectic layer and in adjacent layers. If the two nearest
2 2 g2 2 neighbors are located in the same layer, the intermolecular

~ q q q : . ) .
a=a+—0— = (u)’x, =a(T-To)+ —09— = (us)%x, . vectorr, is perpendicular to the smectic layer nornfia.,
4 8 4 8 .
9) the wave vector of the smectic structuee By contrast, for
the two nearest neighbors in adjacent layers the vegids

. . . i approximately parallel te.
The last term in Eq(9) is determined by the coupling be- ~ Then the free energiEq. (10)] can be rewritten as
tween the polarization and the order parameter in Gm-

Thus the coupling between the order parameter and the po-
larizationP, increases the stability of S5, and increases L I

the transition temperature to Sfn-However, the in-plane ﬁ:ka fa(b)log fy(b)db+ yoUgst (1= 0)Ues,
perpendicular polarization does not seem to be sufficiently (1)
strong to induce a direct transition into SOy

where vy is the total number of nearest neighbors, ands
lll. STATISTICAL THEORY the fraction of nearest neighbors located in the same smectic

) 1 I i i .
Let us consider the free energy of a smectic phase Con{gyer. HereUy(; andU,; are the averaged interaction ener

posed of rigid biaxial molecules. From the statistical point Ofg|es.betvx{een two neighboring_ molecules in the same Iaye;r
view the smectic phase is characterized by the one-partici@"d in adjacent layers, respectively. These averaged energies

distribution function that determines the probability to find aare expressed as
given molecule at the point and with the orientationw,

f1(1)=f,(r,w). The orientation of an arbitrary rigid biaxial
molecule can be specified by the unit vectarandb in the Uéff=f Veii(b1,by,R150) f1(by) f1(b,)dug,db,db,
direction of the long and short molecular axes, respectively. (12

Thusf(r,w)="f4(r,a,b). Now the free energy of the smec-
tic phase can be written in the generalized mean-field ap-
proximation as and
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| | Equation(17) can be used to describe the free energy of
Ueff:f Vert(D1,02,R15,n1,n5) f1(by) f1(by)dbydby. both SmC and SmC,. We note that the difference in the
(13)  free energies between S@and SmE, is determined only
by the last term of Eq(17), that represents a contribution

Here from the interaction of neighboring molecules located in ad-
jacent smectic layers given in E@L6). This contribution is
Vere(b1,D5,112) = Q(F 10— E19) V(b1 b0, 1 1) much smaller than the total free enefdq. (17)], because it
is determined by the interaction between molecules in adja-
+KT{Q(r— €19 -1} (14  cent smectic layers. The averaged interaction energy in Eq.

(16) is determined by the value of the effective pair potential
is the effective pair interaction potential. The distance betaken atr,,~L cos®, while the interaction between neigh-
tween the centers of the two parallel neighboring molecule®oring molecules in the same smectic layer given inE§)
located in the same smectic layer is approximately equal tis determined by/(1,2) taken at,,~D. For any short-
the molecular diameteD. Thus the corresponding interac- range potential the interaction between the nearest neighbors
tion energy in Eq(12) depends on the intermolecular vector in the same layer is much stronger than that between the
r,=Ry,=Duj,, Whereur, is the unit intermolecular vector nearest neighbors in different layers. In addition the number
perpendicular to the smectic layer normal. In Ef3) the  of the nearest neighbors within the same layer is rather large
interaction energy between two neighboring molecules in ad¢yo~6) as compared with that in adjacent laygrg(1
jacent layers depends on the intermolecular vecige R”12 —o0)~2]. Thus the difference between the free energies of
which is approximately parallel to the smectic layer normalSm-C and SmE, is expected to be orders of magnitude
e. The absolute value dﬂ‘]‘z is approximately equal to the smaller than the total free energy associated with the ftilt.
layer thicknesdd. Thus R%%ed:eL cos®, wherel is the This enables one to understand why the energy barrier
molecular length ane is the tilt angle of the director. The Dbetween SnE and SmE, appears to be so small experi-
unit vectorsn; andn, are the directors in adjacent smectic mentally. Itis well known that antiferroelectric S@* can

layers. In SmE, the angle between; andn, is equal to  P€ switched into ferroelectric S@* by applying a moderate
20, i.e., (n,-n,)2=(cos D)2, while in synclinic SmE n, electric field. The difference between the free energies of the

—n,. two phases should be of the order of the interaction energy
In Sm<C and SmE, the director is tilted with respect to between the .external electric field and the sme(;tic liquid
the smectic layer normal, and therefore these phases are [6YStal material. The latter energy per molecule is always
cally biaxial. There should be some degree of the quadrupolBUch 1ess thaikT. This also explains why the free energies
order of short molecular axds. This means thatcos 2J) of synclinic Sme€ and {:IntIChnIC'SITQA have.been _found to '
+0, where the angles specifies the orientation of the short P& nearly the same in the simple two-dimensional steric
axisb around the long axia=n. Moreover, as discussed in Model recently considered by Vanakatzal.[46]. The tran-
Sec. Il there exists a spontaneous polarization inGSm- sition from SmA to Sm<C or SmCA can be second order. In
perpendicular to the tilt plane normal and the smectic layefhis case the free energy of the tilted phase can be expanded
normal, which is located between the layers and alternates #f Powers of the tilt anglé®,
sign from boundary to boundary. Thus in this phase the polar
order parametep, =(b) is also nonzero. Since both quad-
rupole and dipole order parameters of the short molecular
axes are not supposed to be large, however, we will neglect
them in the present consideration. It will be shown in Sec. V . . .
that the stability of SE, can be explained without taking where T, is the corresponding transition temperature. We
biaxiality into account. Then the averaged interaction enern_me that the values of the parameter® and T in expan-
giesUL,, andU',Lff can be expressed as simple averages o ion (18) are different for Sntz and SmE,, respectively.

the effective pair interaction potentisl((1,2) over all ori- his difference is, however, also determined by the interlayer
. P P LS interaction, and thus is expected to be very small. If the
entations of the short molecular axes:

transition is second order, the actual phase that is stable di-
rectly below SmA is the one that corresponds to the higher

Uéff(n,e)=f Veii(b1,b,, R, n)dut,db,db,, (15)  transition temperatur&, in the free energy expansiqfg).

F
N=a(T—TC)®2+b®4+---, (18

IV. MODEL POTENTIALS FOR THE SYNCLINIC
ULg(ng,ny,0) = f Veri(by,by,Rl,,n1,n,)db,db,. SMECTIC-C PHASE AND THE ANTICLINIC
(16) SMECTIC- C, PHASE

In this section we determine the mathematical form of the
In this approximation the free energy can be written in ajnteraction potential that promotes the anticlinic -
simple form: structure. For this purpose let us use the general expansion of
the averaged interaction potentidk(a;,r2,a) (i.e., the
effective pair interaction potential averaged over all orienta-
tions of the molecular short axesn spherical invariants

a7  [47]

F
N = constt yoUl(n,e)+y(1—o)UL(ny,n,.e).
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AFca-c _ Fca—Fc
N N

= 7(1_U){Ultleff(nlrnzve)_Ult‘eff(nve)}!

Ueff(alvrlzﬂz):lgl_ JaL(rd Ty U a0).
(19

The spherical invariants'**(a; ,u;,,a,) can be expressed 22)
in terms of the spherical harmoni¢47], and form a com-

plete orthogonal set of functions. The function yhere f,-n,)2=co£20. Using expansioii20) of the effec-

T'M(ay,ug,,8,) contains the unit vectom, ,u;p, anda; UP  tive uniaxial interaction energy in E¢22), we obtain
to the power,\, andL, respectively, wherei,, is the unit

vector alongrq,,U;5=rq5/r15. EXplicit expressions for the AFca_c 3 1 _

low order spherical invariants are given, for example, in Ref. VIt ‘T)(Evﬁ 503) sif20. (23

[48]. Taking into account only the lowest order nonpolar

terms(i.e., the terms which are quadratica anda,), we  We note that the coefficient; is expected to be negative
obtain the following approximate representation of the averpecause the corresponding Maier-Saupe type interaction po-

aged interaction potential: tential [the second term in Eq20)] stabilizes the parallel
) 5 orientation of neighboring molecules. Thus the free energy
votviPa(ar-a) +vo{(ay- U+ (- Un) %} of Sm-C, will be lower than that of SnG only if the coef-
+v3(8y- 3)(8g - Upo) (8g- Ugo) + 0 4(8y - Upp) 2(8g- Upp) 2. ficientv is larger than & 4|. This means that anticlinic Sm-

C, can be stabilized by a sufficiently strong repulsive type

(20 interaction potential of the symmetry
The second term in Eq20) represents a Maier-Saupe
type of interaction that pr%mg)tespthe parallel alignmen? of v3(@1-8) (8- U12) (8- Urd), 24
neighboring molecules. The third term can be responsible fopherey ,>3|v,|.
the tilt of the director in SnG. For two neighboring mol- Now the model potential of S, is given by a sum of
ecules in the same smectic layer the unit intermolecular vegyotential (21), which promotes the tilt irrespective to its
tor is perpendicular to the layer normal;,=uj,L e, and  sense, and potenti@P4), which distinguishes between the

therefore the potential synclinic and anticlinic configurations:
vo{(8g- Upp)*+ (8- Us)?} (21) Uca(1,2=v,{(a- U1p)*+ (- Ugp) %}
can be written Tua(a-@)(a-upp)(a-up). (25
vo(Sifwy +sirfw,), An important aim of the present study is to identify the in-

] ] o termolecular interactions that can stabilize 8x- In the
wherew; is the tilt angle of the moleculewith respect to the  search for such interactions we first consider standard inter-
smectic layer normal. Thus this potential promotes the Moyction potentials used to describe liquid crystalline ordering.
lecular tilt in the smectic phase provided that the consiant According to Van der Meer and Vertogéa9] and Gelbart
is negative. This means that potential) can be considered [50), the predominant orientational interaction in thermotro-
as a model potential for Si@= From the physical point of pic jiquid crystals, which determines the orientational order,
view, potential(21) can be determined, for example, by the js the isotropic(dispersion attraction modulated by aniso-
induction interaction between an off-center transverse d|p0|@r0plc molecular Shape' The Corresponding effective interac-
and the polarizability of the neighboring molecule, as de+jon potential can be expanded in spherical invariants accord-
scribed in the model of Van der Meer and Vertogen for Sm+ng to Eq. (20). This expansion does contain the required
C_[49]. The same interaction potential with the negative coupotential[Eq. (24)] but the corresponding coupling constant
pling constant also appears as a part of the genergl, appears to be negati@9], i.e., the potential is of an
quadrupole-quadrupole interactidd]. We note that this attractive type. Consequently, it destabilizes the anticlinic
kind of potential can also be obtained by taking into accountonfiguration. On the other hand, tramisotropic dipole-
steric repulsion between molecules of specific shafzag  dipole dispersion interaction contains a contribution of the
shape, for example However, interaction potential2l)  form of Eq.(24), which stabilizes Sn€,. For two uniaxial

does not distinguish between Sthand SmE, because itis  molecules this dispersion interaction potential can be written
not sensitive to the angle between the long axes of the neighyg

boring molecules in adjacent layers. This potential promotes
tilt in any tilted smectic phase.

: 1
The interaction potential that stabilizes the anticlinic con-U9$P(1,2)= — — [32{(a- a,)2—6(a;-ap)(a;- Ugp) (8- Upp)
figuration can be determined by taking into consideration the EP)
difference between the free energies of Snand SmC, . 2 2
h X ) R + . . — .
As discussed in Sec. lll, the average interaction between 9(ay-U12) (- Usp) "} = J12P2(3y - Uso)

molecules inside one smectic layer is the same in both —J,1Po(ay-Upp) ], (26)
phasegqprovided they have the same tilt angl&aking into

account Eq(17), the difference between the free energies ofwhere the coupling constands,J;,, andJ,; are expressed
the two tilted phases can be written as in terms of the dipole matrix elements and the excitation
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energies of the excited states of the molecules 1 ary. 2f entational correlations between such transverse molecular di-
molecules 1 and 2 are of the same kind, the constantgoles can be responsible for the stabilization of Sm-
J,,J12, andJ,; are given by[47]
V. DIPOLE-DIPOLE CORRELATIONS IN THE
3,93 on19on2 27 ANTICLINIC SMECTIC- C, PHASE

nyn, En,n,—E : . .
172 Tl 0102 In Sec. IV we considered only short-range interactions

between molecules in S@. As discussed in Sec. I, the
anticlinic phase possesses an alternating spontaneous polar-
Som(Fon— Sonz) ization (in the tilt plang even if the molecules and/or the
Ji=31=9 > T g (28)  system are achiral. Thus the long-range dipole-dipole inter-
N1z =ny.n;  =07.0, actions may be important. We note, however, that the aver-
age dipole-dipole interaction between two parallel polar
planes vanishes. This was already shown by Prost and Bru-
1 insma[36] and Bruinsma and Prog37], and the same result
foni=2 ([P2112+ P51+ PJT%) (290 can be obtained in the following simple way. Let us consider
3 Sm-C, with the average dipole densiti{r). Then the aver-
age dipole-dipole interaction energy of the sample can be
written as

and
with

and

1 1 1
= oni2_—|»Ko0Nn2_ Z|0N2 1
5on| 3 |pz|| 2|p>(|| 2|py|| . (30) <Vdd>:f fF[d(rl)'d(rZ)_3{d(rl)'ulﬁ
12

Heren; andn, denote the excited states of the molecules 1
and 2,E,  —E, o, Iis the excitation energy, and the quan-

tities p2' (a@=x,y,z;i=1,2) denote electric dipole matrix 1 1
elements. We note that the familiar Maier-Saupe interaction v ; E(dk' k) (dy- k), (31)
potential —\]Pz(a1~a2)/r‘132 is obtained from potential26)

after averaging over all orientations of the intermoleculanyhered, is the Fourier transform of the dipole density. In
unit vectoruy,. ideal SmE, the spontaneous polarization varies only along
The coupling constand, in Eq. (26) is approximately thez axis, which is perpendicular to the smectic layers. Thus
proportional to the square of the anisotropy of the moleculaghe summation in Eq(31) is restricted to the wave vectors
polarizability (Aa)?. The isotropic dispersion interaction, k|z. Since the spontaneous polarization itself is perpendicu-
modulated by the anisotropic molecular shape, which is distyr to the axisz, we obtain ¢-k)=0. As a result the aver-
cussed above, is propgtional to the square of the averaggye dipole-dipole interactiofEq. (31)] vanishes.
molecular polarizability &)?, and therefore is expected to be  The direct dipole-dipole interaction between molecules in
stronger. The ratio of these two contributions can be roughladjacent layers cannot be responsible for the anticlinic con-
estimated asd/A«)?, i.e., the former contribution is pre- figuration. However, the instarit.e., nonaveraggdnterac-
dominant. Taking into account that the first term in E2g)  tion between the dipoles of two neighboring molecules can
also destabilizes Si8-, we arrive at the conclusion that the be rather large. This means that there exist strong dipole-
conventional dispersion interaction between typical medipole correlations which may be important. Such correla-
Sogenic molecules does not stabilize Qm__ This conclu- tions can be taken |nt0 account in the _fram_ework of the ther-
sion seems to be reasonable because otherwis€ Swoeuld ~ Modynamic perturbation theory. Taking into account that
be observed much more frequently. In particular, manyVaa)=0, the free energy of the tilted smectic phase can be
achiral SmC liquid crystals would exhibit the anticlinic Written as
phase. We know, however, that this is not the case. As far as
we are aware, anticlinic Si8» has been observed only in —~ 2 (2 (32
one type of achiralone componentsmectic liquid crystals N N 2kT' %

[31,32. We note also that the corresponding compounds are ) . .
swallow-tailed ones, i.e., the structure is quite similar to theVNereFo/N is the free energy of the smectic phase without

one of the chiral compounds that show SIxt. Qualitative dipole-dipole interaction. Approximate expressions for this

arguments presented above indicate thatGms stabilized, free energy were obtained in Sec.. IV. We assume that mol-
apparently, by some specific intermolecular interactions. IrfCUIeS possess only transverse dipales In this case the
practice, the anticlinic configuration is usually observed indiPole-dipole interaction potential reads

chiral smectics with large spontaneous polarization. It is very 42

unlikely that chirality is of any importance here. Chiral in- _ L o) ) )

teractions are generally weak and, in addition, achiral anti- Vad1.9=5 {(by-bo) =3(by - Ura) (bz-Un2)}, (33
clinic Sm-C, has been observed in racemic mixtufé8—
35]. On the other hand, such chiral compounds also contaiwhere the short molecular axisis taken to be parallel to the
relatively large dipoles in the vicinity of the chiral center in transverse molecular dipotg . Now we have to average the
the flexible chain. It is shown in Sec. V that interlayer ori- square of the interaction potenti@g) [see Eq(32)] over all

X{d(rp) - Uz} ]drqdr,

EP)
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orientations of the short molecular axesandb, about the
corresponding long molecular axag and a,, respectively.

As assumed in Sec. Ill, we neglect any biaxial ordering of
short molecular axe¢in each layer. This biaxiality order
parameter is not expected to be large. Then the averaging of
V24(1,2) over the short molecular axes results in the expres-

sion

4
1

8KkTTrS,
+3(a;-Ugp)?+3(ay- Ugy)?
—9(ay- ulz)z(a2~u12)2

+6(ay-Upp) (- U (ay-ap)}.
(34

1 > )
~ o7 Vad( 1,26, b,= {—4-(a-a)

We note that from the mathematical point of view Eg4)
presents a kind of effective uniaxial interaction potential.
The last term in Eq(34) has the form of the Sn&, model

potential with a positive coupling constant, and therefore it

promotes the anticlinic ordering.

Using the same approximations as in Sec. lll, the contri
bution of the dipole-dipole fluctuations to the free energy
difference between synclinic S@-and anticlinic SmE, (at

X,

(L-2]) cos®

'
[
J
.
]
§

gl
S

FIG. 3. Schematic illustration of interlayer orientational corre-
lations between transverse molecular dipoles. The dipole is as-
sumed to be located at the joint of the flexible chain, which projects
obliquely from the core part. Herkis the distance between the

the same value of the filt angl®) can be written in the dipole and the molecular center of mass, &nd the tilt angle. The

explicit form smectic layer spacing is considered to be equal to the molecular
lengthL.
(FCA%: _ %—((ng)CA_(V(ZJ(DC) VI. PHASE DIAGRAM
According to Egs.(17) and (32), the free energy of a
1 ) ) smectic phase with fluid layers in the approximation of the
= 7(1—0)W{1—6(”' € —(ny-ny) perfect nematic and smectic order can be written as

+8(ny- Nz e)(na- N} = ’)’O'Uéff(n,e)"‘ '}’(1_0')U|(|eff(nlanve)

Z|m

1
4KT{(L—2l)cos®}°

sif20 <0,

—(1-o) y(1-0)

2kT (36

(Via)b, b,
(35

Here the first term is an intermolecular interaction within one
WhereRI:‘sz\":(L—ZDCOS@ is the distance between the trans- Smectic layer, and thus it depends only on the orientation of
verse dipoles of neighboring molecules in adjacent smectighe directorn with respect to the layer normal This con-
layers as shown in Fig. 3. Heteis the molecular length, and tribution is proportional tos, the fraction of the nearest
| is the distance between the dipole moment in the alkyneighbors that are located in the same layer. The second term
chain and the molecular center of mass. Thus we arrive at thi§ determined by an interaction between the nearest neighbor
conclusion that orientational correlations between transvers@olecules located in adjacent layers. It depends on the rela-
molecular dipoles can stabilize SB) with respect to Sm- tive orientation of the two directons, andn,, which corre-
C. We note that this contribution rapidly grows as the tilt spond to layers 1 and 2, respectively, and the smectic layer
angle® is increased. This growth is mainly determined bynormal. We haven;=n, in Sm-C, andn;#n; in Sm-C,.
the factor {(L—2l)cos®} 8. In particular, the effect of Finally, the third term in Eq(36) is a contribution from the
dipole-dipole orientational correlations becomes importanerientational dipole-dipole correlations between neighboring
when the dipole is located in the flexible chain closer to themolecules in adjacent layers averaged over all orientations of
molecular end. In this case the average distance betwedhe molecular short axes.
such dipoles, which belong to neighboring molecules in ad- As discussed in Sec. IV, the effective potentidls(n,e)
jacent layers, can be significantly smaller than the moleculaand Ulff(nl,nz,e) can be expanded in spherical invariants
length. preserving the first few terms:
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Ugss=constr (2v; +v3){1—(n-e)?}+v{1—(n-e)?}? F,(®)=Acos0®—Bcog0, (42)
3
37 andA=6(2v5 +v3),B=6v3 , andR},=(L—2l)cosO.
and The transition temperature to Sfn-and the absolute
value of the tilt angle® are mainly determined by the term
UL =const- v} Po(ny-ny) +ob{(n;- €2+ (n,- €)%} F, (®), which stems from intermolecular interactions within

one smectic layer. As shown by Van der Meer and Vertogen
[48] (also see Refl4]), excluded volume intermolecular in-
(39 teractions make a contribution to the coefficidndestabiliz-
ing the tilted smectic phase. On the other hand, there exist
The contribution from the orientational dipole-dipole corre-some specific intermolecular interactions, and, in particular,
lations can be written dsee Eq(34)] the induced dipole-dipole interaction between the off-center
dipole and the polarizable core of the neighbor molecule
[48], which make a contribution to the coefficieffpromot-

+ob(n;-ny)(ng-e)(ny-e) +oh(ng-)%(n,- €)%

4

1
- m<V§d(12)>bl,bz=m{—4—(nl' ny)? ing the tilt of the director. In the general case the coefficient
12 A can be written in the forr\= a(T* —T)/T*, whereT* is
+3(n;-e)%+3(n,-e)? approximately equal to the SAW-Sm-<C phase transition
temperature and>0. As discussed in Sec. IV, the inter-
—9(n;-€)(n,-€)? layer intermolecular interactions and correlations make a

relatively small contribution to the total free energy of the
tilted smectic phase. Thus the corresponding terms in Egs.
(39 (40) and(41) can only weakly affect the transition tempera-
ture. At the same time these terms determine the difference
We note that Eq(36) presents an expression for the free petween the free energies of Stnand SmE,. The tem-
energy of the bilayer smectic phase with arbitrary orientatiomerature of the first order phase transition betweenCSamd
of the two directors); andn, in adjacent smectic layers. In. smC, can be found by equating the free energies given by
the general case nf-e)=cosO;, (np-€)=cosO, and Egs.(40) and(41):
(nq-Nny) =c0s®,c0sO,+siN@;SiNO,cos(h, — ¢d,) where® |

+6(ny-e)(ny-e)(ny-ny)t.

and®, are the tilt angles in the neighboring layers, ahd Fca—Fe 3 | ”) dj 0
and ¢, are the corresponding azimuthal angles that specify —_ 5.~ —(3v1Tv3)— — a6
the orientation of the tilt planes. In S@; ®,=0,=0 and N sin’2@ 4KT{(L —2l)cosO}

¢1=¢,, and therefore r{;-ny,)=1 and f,-€)=(n,-€) (43
=co0s0. In SmC,, on the other hand, we find th&, We can readily see from E¢43) that the Smc—-Sm<C,
=0,=0 and ¢,—¢,=m; hence (;-n,)=cos and transition temperature is determined by a balance between
(ny-€)=(n,-e)=cosO. In the smectic phase each moleculethe contribution from the interlayer dipole-dipole correla-
is interacting with approximately eight nearest neighborstions promoting the anticlinic configuration and the first term
Six of them are located in the same smectic layer, and twan the right hand side of Eq43), which is mainly deter-
nearest neighbors are located in adjacent layers. Thus we camined by excluded volume effects and which promotes Sm-
put y=8 ando=3/4 in Eq.(36). C. The correlation contribution grows rapidly with the in-
Finally the free energies can be written in $ras creasing molecular transverse dipole moment and with
the increasing separation between the dipole and the molecu-
lar center of mass. The corresponding phase diagram, which
includes SmA, sinclinic Sm€, and anticlinic Sme,, is
presented in Fig. 4 where the abscissa is the normalized tem-
perature,T/T*, and the ordinate is the dimensionless dipole,
(=5+12c080—-9 cod®)+const, g —d /{(2kT*)Y(L—21)3% . The phase boundary be-
tween SmE and SmE, has been calculated for Qf?
(40 +pl)/kT*=0.1 ande/B=2. The value of the parameter
a/B=2 has been chosen to describe the typical temperature
variation of the tilt angle; the value of the parameter;kS

Fc(0)
N

=F,(0)+2v]+2(2vl+v))co2d + 20]code

4
1

+ —
8kT(RL,)®

and in SmE, as

Fca(®) +vl)/kT* has been taken into account for the realistic val-
N :FL(®)—U|‘1(1—3CO§2®) ues of the transverse molecular dipole in the chiral bent
chain d, ~3 D), the average distance between the two

+2(2vl+vlcos2®)cos’-®+2vﬂco§® such dipoles in the neighboring smectic layeis—2I
~1 nm), and the typical temperature interval of the Sm-

d4 C (AT:~10°C) as observed in racemaissee Fig. 1L We

(—5+4 co$0 —cos'®)+const. note that in Fig. 4 the boundary between ®nand Sme (or
Sm-C,) is a vertical line. This is the result of an approxima-
(41) tion, because we have assumed that the relevant interaction
between molecules in neighboring smectic layers is much
Here smaller than the interaction within one layer. In this case the

+ 1
8KT(R,)®
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0.20 T T T v T T be induced by using mesogenic molecules which possess the
same bent chain as compound 1. At the same time the struc-
ture of the rigid core may be different. Moreover, the anti-
clinic phase is observed even when the core part is a
hydrogen-bonded dimd62]. These new results support the
Sm-Cy general conclusion that the anticlinic structure is mainly de-
0.104+ Sm-A i termined by an interaction between bent dipolar end chains,
while an interaction between hard cores seems to be of sec-
ondary importance.

The contribution from the orientational dipole-dipole cor-
relations strongly depends on the average distance between
Sm-C the transverse dipoles located in adjacent layers. As a result
it increases with the increasing tilt angk. Consequently,

0.00 + } ' + } t Sm-<C is always a higher temperature phase than Gm-
0.90 0.95 1.00 1.05 1.10 when both emerge. In the hexatic smectic phases, however,

T/T* SmH A* may appear just below S@,*, and then a phase

transition to Sm-* may occur[53-55. At present there is

FIG. 4. A simple phase diagram of the perfectly ordered smectig,q explanation for this fact. When the system undergoes a
liquid crystal which contains Sm; SmC, and SmE,. The ab-  gjrect transition from SnA to SmC,, it is quite common
scissa is the normalized temperatdvel™ and the ordinate is the  (hat the transition is of first order and a rather large value of
dipole in a dimensionless unity;,,. See text for details. ® suddenly appears.

. ) . The mechanism of Sr@, stabilization due to interlayer
transition temperature into Sis not affected by the weak correlations between transverse molecular dipoles may also
interactions which determine the difference between@m- pe relevant to the understanding of the variety of recently
and SmE, . discovered new smectic phases formed by nonchiral banana-

shapedor bow-shapedmolecule§56—59. Such molecules
VIl. CONCLUDING REMARKS possess strong transverse dipoles in the bent [&fif and
form not only synclinic ferroelectric and anticlinic antiferro-

In this paper we have presented a model interaction poelectric phases but also anticlinic ferroelectric and synclinic
tential that stabilizes the anticlinic S@x phase, and pro- antiferroelectric phasd$7]. In particular, dipole-dipole cor-
posed a particular molecular model based on interlayer orirelations between molecules in adjacent smectic layers may
entational correlations between off-center transversée important in the so-calleB, phase[59], which is char-
molecular dipoles. It has been shown that conventional disacterized by the anticlinic antiferroelectric structure in the
persion and steric intermolecular interactions generally prohomochiral ground sta{é7] and is switchable by an electric
mote the synclinic SnG phase. This explains why S@-is  field. One notes, however, that the present molecular mecha-
observed much more frequently than &IR; in particular, nism does not seem to be predominant in the case of banana-
in achiral smectic liquid crystals. At the same time the tran-shaped molecules. First, the average distance between trans-
sition into the antiferroelectric, anticlinic S®@3 phase is verse dipoles in neighboring layers is several times larger
often found in chiral smectics, which possess a large sporthan that in the conventional S@j4. The corresponding de-
taneous polarization in the ferroelectric, synclinic &h- crease in the strength of the dipole-dipole correlations is not
phase. Such materials are composed of molecules with lardelly compensated for by a larger value of the molecular
transverse dipoles located in the vicinity of the chiral centedipole. On the other hand, the stability of the anticlinic con-
in the flexible chain. In the context of the present model, Smfiguration in theB, phase may be determined by the specific
C, is stabilized by orientational correlations between suclpacking of banana-shaped molecules. Indeed, the neighbor-
transverse dipoles located in adjacent smectic layers. Theseg chains of the two banana-shaped molecules in the anti-
correlations make a contribution to the total free energyclinic configuration are approximately parallel, and thus this
which in this case possesses a minimum for the anticliniconfiguration may be stabilized by various interactions
director orientation in adjacent layers. By contrast, the sterievhich are normally responsible for the formation of &n-
intermolecular interactiongthe packing entropy promote  composed of rodlike molecules. This effect is related to the
SmC . strong biaxiality of banana-shaped molecules, and is ex-

We note that all these interlayer interactions appear to bpected to be particularly strong i; and Bg phaseq59],
relatively weak, and this enables us to explain why Sgi-  where the terminal molecular chains seem to penetrate
can be switched to Si8* by applying a moderate electric deeply into adjacent layers.
field. It should also be noted that although transverse dipoles The molecular model of Sr@, presented in this paper
in the flexible bent chain are typical for the chiral molecules,takes into consideration only one particular microscopic
the corresponding dipole-dipole interactions are acliiral, = mechanism of the anticlinic ordering, based on orientational
they are not sensitive to molecular handedheasd there- interlayer dipole-dipole correlations. This model is not in
fore must yield the same effect in racemic mixtures. We als@ontradiction with existing experimental data, but we cannot
note that recentlyb initio studies by Glaseet al.confirmed exclude that in some cases Sii- may be stabilized by
the bent conformation of the chiral chain of the compound 1some other specific interactions or correlations. We may as-
in Fig. 1[51]. They showed that the anticlinic structure cansume that steric interaction between swallow-tail chains can

(ddim)4
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give rise to some peculiar packing effects, as pointed out bynterval the system is frustrated, and some relatively weak
Nishiyama and Goodb}31] (also see Ref.32]). Note, how-  additional effects may become very important. In particular,
ever, that the swallow-tail molecule possesses rather larg@eak correlations between distant smectic layetsirting
transverse electric dipole moments in the joint of the endrom second and third nearest neighhargy promote the
chain to the core part, and that the swallow tails are considformation of subphases with periodicities larger than the
ered to be bent with respect to the molecular long axis. In thelouble smectic layer thickness.
general case, any intermolecular interaction that may stabi-
lize SmC, should be characterized by the effective interac-
tion potential of the form of Eq(24), at least in the first
approximation. This work was partially supported by a Grant-in-Aid for
Finally we note that the Sre&—Sm-C, phase transition is Scientific ResearcliNo. 12650010 through the Monbusho
generally of the first order, and in the vicinity of the transi- in Japan. We thank the Japan Society for the Promotion of
tion point the synclinic and anticlinic configurations corre- Science for support based on the JSPS Invitation Fellowship
sponds to the same free energy. In this narrow temperatuferogram for Research in Japéxdo. S-98052
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