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Theory of chiral periodic mesophases formed from an achiral liquid of bent-core molecules
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The theory of unconventional one-dimensional periodic mesophases forming in a liquid of achiral bent-core
molecules is presented. The order parameter is a polarization wave. Three distinct phases which can be
stabilized directly from the isotropic liquid phase are associated with linear, circular, and elliptic polarizations
of the wave. The elliptic polarization leads to the structure of the commonly stidiéaent-coré mesophase
whereas the recently discover€g phase may be assigned to the linear polarization. We present the molecular
configurations and macroscopic properties of the stable states. Their behavior under chiral doping and electric
field application are investigated and the corresponding phase diagrams are calculated.
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[. INTRODUCTION breaks the translational symmetry of the nematic phase and

The discovery in 1996 of ferroelectric switching in “bent- the tilt axial-vector orde.r parameter breaks the 2D isotropic
core” mesophases by Nioet al. [1], followed by the dem- symmetry of the smectic layers in the Sinphase_:. In the
onstration of their antiferroelectric characfe, opened up a Pent-core mesophases, all these orders appear simultaneously
new way in the liquid crystal science. Although at first view @nd form directly antiferroelectric smectic phases from the
these systems fit into the sequence of well-known ferroeledSCtropic liquid. By assuming combination of classical
tric and antiferroelectric smectiSm) phaseg3], a number ~Mechanisms, this complex process is only possible across a
of striking peculiarities prevents the confusion between usuaptrongly first-order transition when the liquid state becomes
calamitic and bent-core antiferroelectric phases. First of a”z:mulltaneé)us!y unstagle with respect to all ;hf previously
in calamitics the local polarization results from the chiral entioned primary order parameters. Nevertheless it is very

character of rodlike molecules while bent-core mesophas unlikely that, on the one hand, several order parameters con-

e& . .
. ) . ense simultaneously, while on the other hand, almost no
are made with achiral molecules. Their symmetry gr@yp Y

) N 2" phase corresponding to a single order parametematic or
[4] permits a strong electric dipolar moment and an |ntr|n3|cp P g 9 parant

! 2 . X _ " ~>smectig is reported in the examined molecular series.
optical biaxiality which lead to peculiar physical behaviors — These properties are reminiscent of the situation known

(especially electro-optjand potential technological applica- for 3 few decades in superconduct§ts]. In the unconven-
tions. tional superconducting or superfluid systems, namely, the
At least eight phases, denot@&] to Bg, have yet been heavy-fermions crystalgl4], the organic and higf¢ super-
disclosed in bent-core compounds. None of them has beegbnductors[15] or the superfluid phases of K¢16], the
found in pure calamitic systems. The most commonly studfow-temperature phases exhibit simultaneously supercon-
ied B, phase, which appears below the isotropic liquid, has alucting, magnetic, and structural modifications. Each one is
smectic antiferroelectric chiral structurf®,5]. Numerous associated with the breakdown of a specific part of the parent
two- and three-dimensional structures have also been evphase symmetry group: gauge, rotational, and time reversal
denced. Thd; phase presents short-range translational ordeoperations, respectively. Furthermore, no phase is observed
[6], associated with a rectangular molecular arrangemenin which a single symmetry is broken and the transitions
Similar two-dimensional2D) lattices are also claimed for toward the ordered phases are often second order. It was long
the B; and Bg phaseq7,8]. In phaseB-, x-ray experiments recognized that this complex process cannot be accounted
and observations of unusual textures lead to assume a helidalr by the simultaneous onset of classical order parameters.

structure[9] with 2D long-wavelength modulatiorj40]. Fi- Instead, a single order parameter, associated withor
nally, theB; [5,7,17 andB, [7,11] phases present 3D trans- d-anisotropic wave functiongl7], gathers in a single repre-
lational order[12]. sentation all the relevant degrees of freedom involved in the

Within this rich polymorphism, the smectic-A and nem- transition. Thus it explains in a very simple way the complex
atic phases are quite rare. This absence of intermediafgoperties of the ordered phases along with the simple ther-
phases between the isotropic liquid and the antiferroelectrimodynamic behavior observed at the corresponding transi-
states is surely the most significant difference with respect ttions.
calamitic systems. In calamitics the orientational and trans- Along the same lines, we have proposdd] a model
lational ordering of the molecules are independent degrees d@fased upon a single order parameter accounting for the trans-
freedom which condense at different temperatures, leading t@tional, rotational, and chiral symmetry breakdowns evi-
the classical sequence on cooling: isotrepitematic-Sm-  denced in bent-core systems. This model is dual with the
A—Sm-<C.... Independent order parameters account for eact-wave theory of lamellar high~ oxide superconductors
step in this sequence: The nematic tensor breaks the isotropit9]. The purpose of this article is to present the main physi-
symmetry of the liquid state, the smectic density wavecal consequences of this model and to briefly compare them
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with the available experimental data. The order parameter is the plane normal t. The polar vectoP(z) represents the

a transverse polarization wave condensing in the isotropitbcal polarization. Equatioiil) describes a helical structure
liquid. On the one hand, the wave aspect of the order paranwith elliptical shape which depends on four parameters

eter breaks the continuous translational symmetry of the ligp,, ¢,, and ¢,) defining its shape, position in space, and
uid along the direction of the wave vect@0]. On the other orientation. By varying these parameters one can obtain spe-
hand, the polar vector aspect leads to the rotational symmeific structures with various symmetry groups. For a more
try breakdown within the smectic layers. This model predictsconvenient symmetry analysis of the model let us make the
three stable phases in which the vector wave is circularlyfollowing change of variables in Eql):

linearly, or elliptically polarized. In the nonsmectic “circu- , _ _ ,

lar” phase a regular chiral helix is formed on the molecular M= PE—ipE?,  m=pe-ipe?,  (2)
scale. In the ‘“linear” phase the polarization is confined
within a single plane and the structure is smectic but remain
achiral. The “elliptic” structure is chiral, antiferroelectric,
and smectic.

The comparison of the model predictions with the x-ray,
dielectric, and electro-optic data shows that the elliptic phas
corresponds to the homochiral state observed irBthghase - . .
whereas the linear phase may be assigned to the recentli//-rhe wave(2) spans an irreducible representation OT the
discovered antiferroelectri€p phase[21] (denoted SiP, ~ Symmetry groupS, =O(3) X T, of the parent achiral liquid.
in Ref. [22]). We propose that the circular structure could!t 1S @ssociated with a formally infinite-dimensional space
possibly describe the yet unknown structure of Bygohase (corresponding to waves directed in any direction of space
in the vicinity of the isotropic liquid. but the cons_ldered 1D perloo_llc antiferroelectric structures

The paper is organized as follows. In Sec. Il we presenfan be described by an effective order parameter which has

the ordered phases and the theoretical phase diagrams. QRIY four componentsy,, 7,, 7;, and,. According to Lan-
Sec. Il the static macroscopic properties in each phase a@u theory24], the free energy is invariant with respect to
worked out. Section IV is devoted to the effects of chiral € SUPGroufGes of G, which preserves the direction of the

doping and electric field application. In Sec. V, a brief com-Single wave vectok [25,28. It can be easily seen th&y

parison with previous theories and the available experimentdi P=h % Ts contains the inversiof, the continuous rotations
data is given. C, aboutz, the twofold rotationsdJ, normal tok, the mirror

planeso parallel or normal t&k and the 3D continuous trans-
Il. ORDERED PHASES lations T;.

g]lzple“"l, 7,=p,€¢2, 7, and 7, are the complex amplitudes
of P(2). The anglesp; and ¢, are Goldstone variables re-
sponsible on the orientation and the position of the structure
in space. The modup;, andp, are energetic variables which
gefine the ellipse shape( +p,) and 3p,—p,| being the big
and the small axes of the ellipse, respectively.

Most of the dipolar orderedferroelectric, antiferroelec-
tric, or ferrielectrig phases in chiral calamitic liquid crystals
result from a phase transition from the paraelectric smectic-A The integrity basig27] of the vector-wave representation
(Sm-A) parent structur¢23]. On the contrary, in the media consists of two independent invariants
of achiral bent-core molecules, one observes that the antifer- s 5 _—
roelectric phase is almost always formed directly from the l1=p1+p2  12=p1ps. 3
isotropic liquid [4]. This suggests a new transition mecha-
nism in which a single instability of the isotropic state is
involved, instead of the double instability describing the po-
lar ordering in chiral systems. Within this hypothesis of a Fp=aydy+ala+aylylp+ ... +agllIS+ ..., (4)
single transition mechanism, experimental data provide an
unambiguous choice of the order parameter as a transvergghere a,p IS a phenomenological coefficient. Minimization
vector wave. Indeed the most common low-symmetry statef Fp with respect to the effective order-parameter compo-
in this system, denotedB, is characterized by one- nents provides four stable states.
dimensional periodicity, local polarization perpendicular to (1) The isotropic liquid phase denotédwhen p;=p,=0.
the periodicity direction, and zero macroscopic polarization (1) For p,# 0, p,=0 (or equivalentlyp,;=0, p, # 0) a chi-
[2,4]. ral helielectric phase, denoted “circulaiC phaseg, is stabi-

lized. It has the structure of a circularly polarized wave.
A. The vector-wave mechanism Since inC p=p, and ¢~ ¢,=mm/2 (m integey, the vector

The polar-vector wave associated with a single wave vecwave becomes
tor k leads to a one-dimensional structure with wavelength R
A=2m/k. Let z be the direction ok. The general form of a P(2) = p, & codkz+ ¢,) — py € sinkz+ ).  (5)
transverse vector wave can be written as

B. Ordered phases

The general form of the homogeneous part of the free energy
then reads

(ny Forping an achiral antiferroelectric phase, denoted
22 > “rectilinear” (R-phase, is stabilized. It has the structure of a
P(2) = &{px coskz+ ¢) ]+ §lpy codkz+ o))l (1) linearly polarized wave. The wave parameters are related by
wherep, andp, are the components of the wave amplitude, ¢,—¢,=mm (m intege). In this phase, the polarization field
@« andeg, are the initial phases, arg ande, are unit vectors  takes the form
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=y

P(2) = [py &+ p, &,]cogkz+ ¢,). (6)

(IV) The intermediate phase, denoted “ellipticEL 'p>
phasg, characterized by, # p,, corresponds to the general
transverse wave with elliptic polarizatigeee Eq(2)].
Let us now discuss the properties of these structures. (a) Z
C phase. The symmetry gro@-==,22 (in Shubnikov’s-
type notation[28] for a nonsymmorphic space groupf the 0
circular phase belongs to thi2, uniaxial symmetry class. It P
is periodic alongz and remains homogeneous in tkey - N
plane. Although the continuous translations as well as the A
continuous rotation€, are broken, all the helical combina-
tions T_,4,C, are preserved and forbid a smectic modulation

of the density. Note that the local point gro permits a FIG. 1. Molecular configuration in th€ phase.(a) Molecular
nonzero local transverse polarizatiBfe) but the global he-  grientation at one position in the phase (b) Molecular configura-
lical symmetry cancels the macroscopic polarization. Theion in one unit cell of theC phase. Az=0 the molecule is oriented
most striking property of this structure is the spontaneouss in (a). At other positions the previous configuration precesses
breaking of spatial inversion in an achiral medium whichabout thez axis. All the molecules belonging to a single plane
makes it chiral. Two types of energetically equivalent do-normal toOz are oriented in the same way. The helix drawn in the
mains with opposite signs of the chirality should result fromfigure is a help for visualizing the precession of the molecular ori-
this symmetry breakdown. In two different domains the he-entation but it has no direct physical meaning.

lices are wound in opposite senses.

R phase. The symmetry grou@:=Pmmaof the rectilin-  |ecular symmetry groug,,. The fact that at this positior
ear phase belongs to tii®, achiral biaxial symmetry class. vanishes indicates that some statistical disorder must be in-
At general position the local symmetry @ whereas it be-  troduced in the molecular orientation: the molecules which
comesC,, at positions wher® is maximum andC,, where  have their center localized wheR=0 have equal probabili-
P vanishes. The local transverse polarizatfz) remains ties to have their polarizatiop oriented along ®x or along
within a single plane containing theaxis but its amplitude —Ox. Slightly above and below this position, the correspond-
varies withz. The macroscopic polarization vanishes yield-ing “up-down” disorder decreases and becomes minimal
ing a planar antiferroelectric structure. The discrete periodicwhereP is maximum.
ity of the R phase is associated with the onset of a smectic In the C phase, presented in Fig. 1, the orientation of the
density wave. It might be comparebiut not identified with  molecular polarizatiomp precesses periodically around the
the unwound chiral SnG, antiferroelectric phase though the axis. The molecular plane is tilted to a constant angle around
R phase remains achiral and with the anticlinic &nphase p with respect to the locg-Oz plane.
[29] found in achiral calamitic liquid crystals. In the R phaseGp(2) varies fromCg at general position to

EL phase. The symmetry groi: =P2232 of the elliptic  C,, whereP=0 or C,, whereP is maximum. At the latter
phase belongs to thB, biaxial symmetry class. Its has the position p is oriented along the, axis and the molecular
same translational symmetry and smectic feature asRthe plane is parallel tdz At general positiorg, the molecular
phase. The transverse twofold axes are located at the maxitane is rotated to an angis(z) with respect to the previous
mums and minimums d?(z) and are parallel to the principal configuration.¢(z) is a periodic function ofz vanishing at
axes of the projected ellipse. The macroscopic polarizatiopositions withC,, symmetry and maximum at positions with
still vanishes but the corresponding antiferroelectric structure,, symmetry. At low temperature the amplitude of the in-
is not planar and is chiral. duced density modulation becomes so strong that almost all
the molecules are gathered about the planes of maximum
density(center of the smectic layersThe symmetry of th&®
phase permits only two positions for the density maximums.

The simplest way to describe the molecular order consists (i) WhereP is maximum. The corresponding state is a
in assuming that, at a given positiain the structure, all the two-layer stacking of molecules with polarization perpen-
molecules are oriented along the same direction. The orientjcular toOz The direction of the polarization is opposite in
tation of one molecule at a given positians determined by  two adjacent layers. Moreover, the molecular plane is not
the local point group denote@(z). This procedure is simi-  tjited and the flip disorder is minimal. This yields the anti-
lar to the determination of the so-called “motifs” in classical ferroelectric structure depicted in Figa2
crystallography. In theE, R, and EL phases there are only  (ji) At the zeroes of. The corresponding structure is a
five nonequivalent positions with local point groupS;,,  two-layer stacking of nonpolar tilted subunits with alternat-
Con, Ca Cg 01 Cy. Gp(2)=C,, everywhere in the circular ing orientations. This yields an anticlinic structure repre-
phase. In the EL phase the general and special positions ha¥ented in Fig. @). Let us notice that, thougR vanishes at
C, andC, symmetry, respectively. In the phaseG(z) can  the maximum of the density, a residual antiferroelectricity
be Cg, Cy, or Cy, (WhereP vanisheg The situationGp(z)  can never be completely neglected due to the polarization of
=C,y is specific becaus€,, is not a subgroup of the mo- molecules slightly above or below the smectic planes and to

C. Molecular configurations
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(a) (b) (C) (d) FIG. 3. Theoretical phase diagrams of the homogeneous vector-

wave model(a) For the free energy given by E¢7a). (b) For the

FIG. 2. Limit structures of th&® and EL phases arising when the free energy(7h). (c) For the free energy7c).
induced density wave is sufficient to single out the molecular con-
figurations located at density maximums. The density minimumsphaseS can be calculated by using the following truncated
are indicated by straight horizontal line@) R phase when the free energy[30]:
maximums of density coincide with the polarization maximums. ’
The structure is mainly antiferroelectrit) R phase when the den- a b
sity maximums coincide with the zeroes of the polarization wave. Fp=ay(p? + p3) + by pips+ —Z(pf +p2)2+ —2p‘11p‘21 (79
The structure is mainly anticliniqc) EL phase resulting from the 2 2
deformation of theR phase depicted igg). (d) EL-phase resulting with a,=a5(T-Tg), ay,b,>0. In the corresponding phase

from deformation of(b). In this picture of the EL phase the polar- diagram, presented in Fig(@, the isotropic liquid is sepa-
ization wave seems linearly polarized because the molecular Orier}:’;\ted fro,m theC phase by a Iin,e of second-order phase trans-
tations between the density maximums are omitted. . P Yy P
formation. The transition between the and R phases

o o . . ) changes its order from second to first at a tricritical point.
the delocalization of the polarization density within a singleThe stability region of the elliptic phase is limited by lines of
molecule. _ . second-order phase transitions toward the ph&sesd R.

Which case is more stable depends on the sign of th@| he phases merge at a Landau po®t[27]. Within a

coupling between the density wave and the order paramet@oqe| corresponding to a higher degree of nonlinearity, the
[see Eq(13)]. When thel — R transition is second order the frqe energy can be written

sign of the coupling coefficient is fixed and only one case

can be realized, either antiferroelectric or anticlinic. For a a, by, az,

strongly first-ordef. — R transition the sign of the coupling Fp=agli+by Lo+ 211+ 275+ 3h (7b)
can change. As it becomes negative, the system can undergo

a smooth transformation from the antiferroelectric to the anwith a,<0, b,>0, a;>0. Accordingly, the previous phase
ticlinic state without any phase transition. diagram is modified in the following respedtee Fig. 8)]:

The description of the elliptic phase at low temperature isTwo three-phase pointd; andT,) replace the Landau point.
similar. Close to theR phase, two limit cases can also be The transitions from the liquid to the phaseésndR are now
defined.(i) In the first one[Fig. 2c)] the maximums of the strictly firstorder. In addition, a direct first-order transition
density coincide with those oP. The molecular plane is between the liquid and the elliptic state EL becomes pos-
slightly tilted in opposite directions in two adjacent layers. sible. The transitions between antiferroelectric phases remain
(i) In the second ongFig. 2(d)] the maximums of the den- second order.
sity coincide with the maximums of the tilt angle but with  In a third typical model, the free energy, given by
nonzero value oP. These two configurations can be clearly
distinguished only in the vicinity oR. At lower temperature
they become qualitatively equivalent. Indeed when neither
the mean polarization nor the tilt are negligible, Figd)2 )
may be viewed as resulting from Fig(c? after a rotation to  (82,b2>0, ab,—c?<0), leads to the phase diagram shown

90° together with a translation of a quarter of the pesiod  in Fig. 3(C). Its main feature, the absence of stability region
for the elliptic phase, makes possible a direct first-order tran-

sition between the phases with linear and circular wave po-
D. Phase diagrams and modulated structures larizations.
These phase diagrams complete the study of the homoge-
Equationg4) and(5) permit us to calculate typical phase neous part of the model free energy. At the following step we
diagrams predicted by the vector-wave model. The mostefine the model to analyze its stability with respect to inho-
simple phase diagram presenting stability regions for all foumogeneous fluctuations which are important in soft systems

a b
szal|1+b1|2+52|§+52|§+c|1|2. (70

061710-4



THEORY OF CHIRAL PERIODIC MESOPHASES FORMED PHYSICAL REVIEW E 69, 061710(2004

with Goldstone degrees of freedom. The large-scale behavior '} Z
of the Goldstone angleg, and ¢, are driven by the inhomo-

geneous terms in the free energy. Taking into account inho-
mogeneous terms, one finds eleven independent invariants

appearing in the free energy densiy(l;...117):

1= p3+ p3.12= pip3,
{2
)l e ) el
() () )]

d‘Pl) 2<d‘P2>
x| p2l =2 |+ p3| =2
[p1< dz ) P2\ 4z

d
lo=(p - pg{ (di

dgo)
2| Z¥2

dpy \? dey\2  [dp,\2 de, \?
(AR SR AR Iy

dp,d d dp, \?
P1 b2 l11= P1< dpzl> "'Pg(ﬁ) . (8

l10= Plpzd dz’

FIG. 4. Structure of the incommensurate elliptic phase with a
period A. Locally the structure is elliptic while the axes of the
ellipse precess with a period,.¢ The precession is evident on the
projection of the structure onto the-y plane. The projection has a
flower-shape with a finite number of elliptic petals, because we
have chosen for the picture a commensurate modulation wave vec-
tor. For general incommensurate structure the projection fills com-
pletely the disc surrounding the flower.

(9)], and the structure becomes actually incommensurate.

The stable states are then obtained by a classical Euler- Let us finally describe the incommensurate elliptic struc-

Lagrange procedure. The Lifshitz-type invariahisand Ig

ture. The wave vectok of the primary vector field is re-

make unstable the states with homogeneous Goldstonsiaced with the temperature dependent tekwrk+(q;

phasesp; and¢,. According to Dzyaloshinskii31] the most

—-0,)/2, whereas the modulation vector @=(g;+0,)/2.

probable periodic and quasi- per|0d|c modulated structureghe modulated vector wave appears then as the superposi-

satisfy the conditions ;= q12+<p1 , Qo= q22+<,o2 , and
dp,/dz=dp,/dz=0. This yields four phasegl) p;=p,=0:
isotropic liquid,(Il) p1=p,, 0;=0,: modulatedC phase(lll)
p1=0, g, #0 or p,=0, g;#0: modulatedR phase,(IV)
P1:P2,91,9># 0: modulated EL phase.

Replacingg; by ¢;= qlz+<pI in the definition of the po-
larization wave given by Eq$1)—3) gives

P(2) ={p; cod(k+az+ g1+ p, cod (k- )z + $31},
+{= py cod (k+apz+ 1]+ p, cod (k- )z + ¢31}6.
9)

tion of two perpendicular locally linear waves which reads
(in the domain defined by\” =¢\”=0):

pySiNKz]&/(2),
(10)

P(2) = 2(py + pp)cogKz]Ex(2) + 2(p, -

where g(z)=co4Q2e,-sin(Qze, and e/(2)=sin(Q2)e,
—-cogQ2)e are two perpendicular unit vectors turning within
the x+y plane with a wavelength,,q=1/Q. e(2) ande,(2)

are parallel to the principal axes of the local projected el-
lipse. The incommensurate elliptic phase can be seen as a
locally elliptic wave whose elliptic axes precess slowly along

No new phase is stabilized with respect to the homogeneous Let us stress that the ellipse turns without any deformation
analysis but all the low-symmetry states are characterized bgince the axes length$@ +p,)and 4p; - p,| are independent

spatial modulations of the Goldstone angl&sg,d,#0).

However, theC andR “modulated” phases remain commen-

of z. The corresponding structure is presented in Fig. 4.
The EL symmetries are broken by the incommensurate

surate because they are characterized by a single wave vectapdulation except one twofold axis normal to the wave vec-
k+q,. In contrast, in the EL phase the vector wave is chartor k. The symmetry breakdown from orthorhombic to

acterized by two distinct wave vectoks-q, andk-q, [Eq.

monoclinic is rather weak and the EL symmetry remains
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locally close to the orthorhombic class. Thereby, the induced L+ by
effects due to the monoclinic character of the elliptic phase _ bi- b o5
are expected to be weak too. P(2)=2p cos(kz+ 5 2) oy
. 1 2
Ill. SECONDARY PHYSICAL TENSORS - Sm(T)
In this section we will consider the additional collective (11b

degrees of freedom of the medium which couple to the pri-I Rth . ¢ incide with th f
mary vector-wave order paramete(z): (i) An axial vector " the maximums of one wave coincide with the zeroes o

waveA(z) which represents the spatial variations of the mo—the second wave.
In the elliptic phase one has

lecular plane orientation(ii) A density wave which is in-

duced in the rectilinear and elliptic phases and makes them b1+ &y
smectic.(iii) Homogeneous tensors characterizing the mac- bi— & co T
roscopic properties of these phases. A2 =(a - az)cos<kz+ %) .y
A. Polar and axial vector waves - S'n(sz)

The orientation of the molecule with respect to the layer . 1+ by
normal is usually described in smectic phases by an axial B sm( 5 )
vector A normal to the tilt plang32]. In bent-core systems —(ay + az)sin(kz+ M) ,
the local orientation is described by the primary polar wave 1+ ¢2)
P(2) together with a transverse axial wa¥gz) with the 2
same wave vectok. Since P(z) and A(z) span the same
irreducible representation of the Euclidean symmetry group by + ¢2>
of the isotropic achiral liquid phager similarly of the nem- coy ——

: - - - b1= b 2
atic or smecticA phasegy A(z) is referred to as a P(2) = (p, + pz)cos(kz+ —)
“pseudoproper33] order parameter and has the same ther- 2 _g (¢1+ ‘/’2)
modynamic behavior aB(z). More preciselyP and A are 2
both pseudo proper order parameters so that con§ides b+ b
primary orA as primary is theoretically arbitrary. Replacing Si ( 1 2)
P with A everywhere in Sec. | provides exactly the same +(py—-p )sin<k2+ $1- ¢2> 2
theory with the same predictions. Which vector dominates 1ok 2

d1t b
and induces the other one at the microscopic level affects the COS( 2
values of the actual phenomenological coefficients but not
the structure of the theory. In particular the pseudoproper (119

feature means that if in a region of the theoretical phas@ andP are not parallel except at special positions where the
diagramA is strong and® is weak at the first order isotropic- |ocal symmetry increases up &. The projections ofA and
elllptIC tranSition, then in a Symmetric part of the phase dia'P onto thex—y p|ane give two e||ipses with para||e| axes.
gram their roles will be reversed. The corresponding great and small axis magnitudedre
The general expression &f(z) is the same as that f6(z2) |, (p,+p,) for P and|a;~a,|, a;+a, for A. Comparing
given in Eq.(3), where the components, , have to be re-  Eq.(118—11c) with Figs. 1 and 2 yields the interpretation of
placed with the complex amplitudes Af & =a;€/1andé,  A(z) as the tilt vector. Indeed, in & andA are parallel and
=a,€'"2. The equilibrium values of;, &, are determined by  the molecular plane is rotated arouRdIn R, A cancels at
their bilinear coupling with the primary order parameter positions wheré® is maximum so that in the antiferroelectric
méy = maéyt M1~ 16, Minimization of the coupled free  configuration the molecules are not tilted while in the anti-

energy with respect tay, a,, ¢, andys, yields the following  clinic configuration the molecules are tilted.
equilibrium values forA(z) andP(z).

The axial and polar waves are parallel in the circular

phase B. Scalar waves
. coskz+ ¢y) . codkz+ ¢y) In t_he vector-wave mechanisr_n the density wave does not
Az =a| . , (2 =p1| . preexist the orientational ordering process leading to the
sin(kz+ ¢) sin(kz+ ¢)

phasesC, R, and EL. So, one of the main unconventional
(11a features associated with this mechanism is the absence of
smectic order in th€ phase and the induced secondary char-
acter of the smecticity in the phas&and EL. Thus the
_ (¢1+ ¢,2> smecticity of these structures is much less pronounced in
_ —sin these systems, at least close to the isotropic liquid phase,
A(z) =2a sin(kz+ M) , than in conventional smectic phases.
2 B cos( o1t ¢2> The periodicity of the induced density wave Riand EL
is the half of the wavelength=27/k because the symmetry

while they are perpendicular in tHe phase:
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groups of all the ordered phases contain a twofold helicaits eigenvectors are directed alomgy, and z. When one
rotation axis. The corresponding density increment readsakes into account the incommensurability of the EL phase
Ap(z)=6 coq2kz+a). The corresponding coupled free en- the preceding axes are slightly rotated about the y direction
ergy reads corresponding to the twofold symmetry axis of the structure.
One part of this tensor, namely,,+e,, is proportional to
p2+p5 and varies close tdc as(T-Tc). Another part, ex-
pressing the planar optical biaxiality can be written &s
(12) =48y~ 2iegy=|£€P. Its coupling with the order param-
eter gives the following contribution to the free energy:
Minim.ization of Fyp With respect tos and a yields the |5, p, cog e, +@,—B) resulting in the relation|& s pyp,.
following behavor ofé and a. Hence|g vanishes agT-Tg) in the vicinity of theR—L
() ¢1=@z=afor y, <0 andey—@,=a+mfor y,>0.1In yansition temperatur@q
the first case the maximums of the density coincide with the | ¢t ys finally consider the third rank homogeneous tensor
maximums oﬂD_ and with the minimums .oA.. In th_e second. ey (with symmetrye, =e,,) which determines the electro-
case the maximums of the density coincide with the mini-ohiic response of the mesophases and can be directly mea-
mums of P and with the minimums of, leading to two  gyred by second-harmonic generation experiments. IiRthe
physically different situations. Namely, ti phase appears gnqc phases all the componerts, are cancelled. Locally
?n the first case as antifer_ro_el_ectric and almost not tilt_ed t'_ﬁln% the elliptic phase witlD, point group(commensurate ap-
in th_e second case as .antIC|InIC.WIth almost ze_ro po""‘r'zat'o%roximatior) the componentss,y, €., ande,, of the ten-
(il) dxpyp,. Thus, in the circular phasé=0 and no ¢ gre nonzero.
smectic modulation of the density occurs. In the phaBes o applying the electric field in EL along one of the two-
and EL, 6 varies agT-Tg) in theR phase andT-Te o) I fo|d rotation axes, the symmetry reduces to the rotation par-
the EL phase, in the vicinity of isotropic—rg_ctilinear transition gjie| to the field. Accordingly the principal axes of the optic
temperatureTr and of theC—EL transition temperature tensor, which are locked along the symmetric directions
TeLc, respectively. As the system approaciigsor Teic the v 7in the zero-field phase, can rotate around the direction
density modulation vanishes much faster tifarThus close  of the field. ApplyingE along O, induces a rotation of two
to the transition temperatures the smectic charact& afd principal axes to an anglé,=2e,, E e, With respect
EL is very weak. to thex andz directions, respectively. The rotation is clock-
Since the stability of thin films is closely related to their \yise for a given field polarity and counterclockwise for the
sm_ecti_city, we expect considerable diffi_cul_ties in film prepa-gpposite polarity. Along the same way for a given polarity
ration in theC phase and, close to the liquid state, in phasesne rotation sense in one domain is opposite to that in another
Rand EL as well. Nevertheless the preparation can be madgomain of different chirality. If one applies the field alofgy
possible, even in th€ phgse, by the presence of walls b?'_the rotation angle i§x=26xyzE/|Szz—8yy|- Sincee,,, ande,,,
tween domains of opposite handedness or by the smecticifyre independent coefficients they can have different signs.
induced by the free surfaces of the films. Indeed a domaifpys the rotation can be clockwise as the field is applied
wall has an internal smectic structure. This property can b%longx and counterclockwise as it is applied aloBy. Ap-
understood by considering the actual symmetry of the wallp|ymg the field normally to the wave vect¢k//O2) in the
which contains only the elements belonging simultaneouslyncommensurate EL phase induces a rotation which varies
to the two domains, so that the continuous helical operation§|ongz_ At positions where the long axis of the ellip@ee.,
of a single domain are broken. Consequently the purely dispne “of the twofold axis of the underlying commensurate
crete translational symmetry remaining in the system gives &iyycturg is parallel to the field, the rotation angle is given

smectic structure to the wall. by &, whereas it is given by, at positions where the short
Similar qualitative conclusions can be dressed about thgyis (other twofold axis is parallel toE.

x-ray diffraction behavior in th& phase. In the absence of
domain walls and of surface induced smecticity, no diffrac- IV. RESPONSE TO EXTERNAL FIELDS
tion peaks could be observed in usual x-ray experiment
though resonant x-ray diffraction should display peak& at
and k corresponding to the single harmonic of the vector
field in the C phase. However, in a realistic system contain-
ing smectic domain walls, usual x-ray diffraction patterns
should show peaks atkt++2k,.... In thephase®k and EL at
sufficiently low temperature usual x-ray peaks should also b
observed at k, +2k,....

ap
Fap=Fp(p1,p2) + > &+ ys Sp1ps COL 1 — 02— ).

External fields such as the electric field or chiral doping
deform the structures and break the symmetry groups of the
ordered phases. These symmetry breakdowns yield modifi-
cations in the phase sequences. Several phases can merge
into a single phasgelliptic and rectilinear for the chiral dop-

ing or circular and elliptic under electric fieldConversely
Several distinct phases can be created by the electric field
from a single zero-field phase. This is the case for the elliptic
and rectilinear phases, which lead to two and three phases,

C. Homogeneous tensors respectively.
The anisotropic part;; —Tr(e)&;/3 of the optic tensoe A. Chiral doping
is a traceless symmetric second-rank teng®4]. It is Concentration ¢ of chiral molecules modifies the free en-

uniaxial in C and biaxial inR and EL. In the biaxial phases ergy of the system:
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FIG. 5. TemperaturéT) concentration of a chiral dopin¢r)
phase diagram. At zero concentration the circular phase is stable.

For nonzero concentrations the isotropic liqUid and the circular . ) . .
pic liquig FIG. 6. Symmetries and molecular configurations corresponding

Dized. Below the zero-concentation ritoal emperatdgs he. 10 1 11D PIOGeSs n thée) zero-feldR phase () R phasei)
) zero-field EL phase(d) EL; phase.

right and left circular phases can coexist. The corresponding demix-

ion region is represented by the hatched area. becomes monoclini¢space grougPm) and that of EL be-
comes triclinic(space groupPl). Accordingly the macro-
. so B 5 s Dy, sc_:opic polarizatiorP is not parallel to the applied field. We
Fop=au(p]+p5) + by pip5+ E(pl + p2)2 + Eplpz will denote Rz and ElLg these two low-symmetry phases in-
duced by the field.

(b) One of the twoC, rotation axes orients in the di-
rection of the field. Since these axes are not equivalent, two
different types of behavior are associated with the two pos-
sible final orientations. In the region of low fields, the local
polarization at any position in the phase tends to orient along
the direction of the field and the structure is distorted. The
symmetry group of the resulting structure is given by the
intersection of the undistorted phase symmetry group with
that of the field. These two behaviors can be denoted as the
flip and the flop processes, respectively. Let us first describe

A
d(pf + p3)pips + pi = pp)c+ . (13)

The main effects resulting from the coupling Bfwith ¢
are (i) the difference between the rectilinear and elliptic
phases disappeald,) the transition temperature between the
isotropic and circular phases increasés, demixion be-
tween the domains of opposite chiralities in the circular.
phase takes place.

Minimization of Fp provides the conditions of stability these ; ;

; s - processes in tiephase(Figs. 6 and Y.
Lor:afsheeis(:lrzzlilztraglned 'I?rlnhepg((:)rf;s?osjnsdi:;?oigsetzhdeiazlgricin ﬂ?ﬁ Flip process. The plane of the polarization is initially nor-
(c,T) plane is indicated in Fig. 5. The right and left-handed al to the direction of the field. For finite field values the

polarizations of two adjacent layers rotate in opposite senses

circular domains are stabilized at low and high concentra;, o qer to get closer to the direction Bf During this pro-

tions, respectively. The transition temperature between th.<s the twofold rotation axis normal to the smectic layers

isptropic liquid stat(_a an_d the circular_ph_ase increases Iinearlyczz), the axis parallel to the initial polarizatidit,,) and the
with the concentration in each domain, in such a way that the .. plane normal t&E(e,) are lost(Fig. &a) Tyhe result-

transition temperature is always higher than the transition : )
temperaturd o in the achiral compound. In the intermediate ing symmetry of the distorte® phase(denotedRl) corre

concentration ranae and belotw. the phase diagram bre- sponds to the orthorhombic grolpma2. The axial vectoA
sents a zone of cogexistence o:%ﬁe twopdomains gThis zpone i? not modified by the field at the interfaces between the

o S PN Umectic layers. At the center of the layers a longitudinal com-
demixion is symmetric with respect to the axis0. Similar

behavior can be foreseen in the elliotic phase ponent ofA appears. The local symmetry prevents a rotation
pucp ' of the molecular plane, which remains normal to the layers.

_ o The corresponding molecular configuration is presented in
B. Structures under applied electric field Fig. 6a).

Applying a weak electric fieldE within the smecticx—y Flop process. The polarization remains everywhere paral-
plane first yields the orientation of the structure by the fieldlel to E. The polarization in one layer is in the directiontf
This effect does not take place in the circular phase which isvhile the polarization in the adjacent layer is opposité&to
macroscopically isotropic in the—y plane. In theR phase For finite field the latter polarization decreases while the
and in the approximately commensurate EL phase two situformer increases. This breaks the twofold rotation aX&s
ations should be distinguished. andC,,) and the mirror planéo,) normal toE (Fig. 7).

(a) After the orientatiorE is not parallel to one of the The resulting orthorhombic symmetry group of the distorted
twofold C, rotation axes of the structure. The symmetnyRof structure(denoted R2is Pmn®. The axial vectoA remains
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phase R2  Pmm2 the flop occurs at the maximums of the polarization while the
flip occurs at positions whete is minimum. At the center of
the layers the axial vector remains parallel Robut with
different amplitudes in two adjacent layers. As in tRg
phase the only difference induced by the field is to increase
the flip-flop disorder in the layer whet is opposite to the
field.

In both cases the symmetry of the distorted phase is de-
scribed by the monoclinic group2 containing a single two-
fold axis. Unlike the situation in th® phase, the distinction
between flip and flop in the elliptic phase is purely quantita-
tive and, accordingly, the field produces a single elliptic par-
allel phase. The field does not affect the translational sym-
metries of the structures. However the breakdown of the
screw twofold axigC,,) normal to the smectic layers and of
the corresponding gliding planer,) leads to a doubling of
the smectic lattice spacing in the pha&sand ELg (but not
in R1 wherea, is not broken. Indeed two adjacent layers
become nonequivalent in the distorted structures and an ad-

. . ditional Bragg peak atj=k should be evidenced in usual
phase EL/E P2 (nonresonantx-ray diffraction experiments. From the opti-
cal point of view the phasd’l andR2 keep the same prop-

FIG. 7. Symmet_ries and molecular configurations correspondingarty as without any field, i.e., the three eigenvectors of the
to the flop process ifa) the R2 phase(b) the EL, phase. In th&2 optical tensor are not rotated 1. In the EL, phase one

phase the polarization directions in two adjacent smectic layers arsigenvector is not modifietharallel to theC, axis) whereas
opposite and their magnitudes are different. The molecular plane, e two other vectors rotate around the tV%IOfOld axis

are not tilted so that two adjacent layers have the same thickness. In The action of the field ot makes this phase elliptic. The

the EL, phase the molecules are tilted. The tilt angle is different in . : i .
two adjacent smectic layers, which consequently, have differenprlg a?(ls can be elthe.r parallel O.r normal to the.fl.eld direc-
thickness. tion [Fig. 6(b)], according to the sign of the coefficient cou-
pling the order parameter with [y in Eq. (14)].
zero at the center of the layers so that the single effect of the In the incommensurate elliptic phase, the single twofold
field on the molecular configuration is to increase the disor+otation axis turns towards a direction parallel to the field
der in the layer wher® is opposite tcE and to increase the and the symmetry of the zero-field structure is not modified.
order in the layers wher andE are parallel. In the vicinity of this axis the structure of the system is
Thus the two processes yield two rectilinear phaR&és similar to that of the E}, phase described above. The corre-
and R2 with different groups belonging to the same ortho-sponding free energy of interaction with the field is locally
rhombic class. The corresponding molecular configurationgninimal. Far from the axis the structure is in the configura-
are shown in Figs. @) and 7a). o tion (denoted Ek) which does not correspond to a minimum
In the (commensurafeelliptic phase the situation is more ¢ the interaction energy. The field tends to orient the local
complex. In the flip process the field is normal to the localg, et re in the EJ. configuration while the elastic energy of

po_larlzan_onP at the Center of the smectl_c Iayer_s, €., Wh_erethe incommensurate helix tends to maintain the initial struc-
P is maximum. In the distorted phase this maximal polariza-

. e : . ture. As a consequence the helix is globally distorted and
tion rotates toward the direction of the field, as in tRe : , 7 .
phase. However at positions whePeis minimum (at the _unwopnd by the f|eld_. The field favors.a multlsohtqns regime
interfaces between two adjacent layerthe polarization is in which adjacent stripes, corresponding to the.onentatlon of
parallel to the field and it is not rotated but either increasedn€ 10ng and short elliptic axes of the underlying commen-
(where P is in the same direction thaf) or decreased surate structure are orl_ented alpng the field, are sgparated by
(whereP is in the opposite directionAccordingly the pro-  thin walls. On increasing the field strength the size of the
cess is, in fact, mixed: flip at the maximums and flop at theStripes corresponding to the orientation with the smallest in-
minimums ofP. At the center of the smectic layers this field teraction energy increases.
induced statédenoted Ely) differs from its rectilinear ana-
log R1 by the presence of a nonvanishing transveisehe
x-y plang axial vector indicating a tilt of the molecular
plane with respect to the smectic plan®sand A are not We have shown that under low applied fields the circular
parallel because the molecular polarization fluctuates asynphase becomes elliptic whereas the rectilinear and elliptic
metrically with respect to the smectic layers in such a wayphases are distorted in either parallel or nonparallel configu-
that the mean polarization nevertheless remains parallel t@mtions(in the “parallel” phases the field is parallel to one of
the layers. the twofold axes of the zero-field structurét higher fields

In the flop process the field is parallel to the local polar-E tends to increase the symmetry of the structure in order to
ization at the center of the layers whétés maximum. Thus, make closer the symmetry group of the structure and that of

C. Phase diagrams
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PRECEEERE FEF FEEREE 2]

FIG. 8. (a) Zero-field minimal phase diagranth) Deformation P <R,

of the minimal phase diagram under a low applied electric field

(c) b;—E phase diagram withjaconstant and negative. The ther- FIG. 9. Temperaturé€T) field (E) phase diagrams resulting from

modynamic paths(AB) and (XY) represented by thin dashed the minimal zero-field diagram represented in Fig)8for b; con-

straight lines in(a) and (b) are indicated.R, represents either stant and avarying linearly withT. (a) b;> 0. The zero-field phase

Ry(y>0) or Ry(y<0). Thick dashed curves and thick plain curves stable belowT, is circular. It becomes elliptic parallel when the

represent first-order and second-order transition lines, respectivelfield is switched on and rectilinear parallel above a second-order
transition line. The line becomes a first-order transition line at tem-

the field itself. Thus the nonparallel configurations becomePeratures below the tricritical poirft. Above T the polarized lig-
parallel and the elliptic phase becomes rectilinear. At stjjuid state is stable at low fields. Above a critical field the liquid state
higher fields the order may be completely destroyed and th@ndergoes a field-induced transition toward the rectilinear parallel
system undergoes a transformation into the polarized liquid™/~R% O R2) phase(b) by <0. The stable zero-field phases &e
state(Lg). However, we will demonstrate that the opposite andR. They transform into th&;, phase above a critical field. The

. L . . three ordered structures merge at the triple pdint(c) Hysteresis
situation in which the field favors the ordered state can als%urve(polarizationp vs field E)galong the t%err%ohgt;n;m?lc DaliB

take pIac;e. Close to the gritical temper_ature of the transition jicated by a dashed line i@). (d)(f) Modification of the phase
at zero field the electric field can, in this case, transform thediagram(a) resulting from higher degree coupling terms. The direct

polarized liquid into the rectilinear phase. elliptic —liquid first-order transition becomes possilgth. An iso-
~ The free energy describing the field behavior of the vectokrctural transition within the elliptic stability domain separates the
field model is given by almost circular from the almost rectilinear elliptic states. The
corresponding first-order transition line ends at the critical point
a. b (Tr)-
- 2, 2 22,8 2 2 2 4 4
Fe=ai(p1+p3) +bipips+ E(Pl +p5)° + o P1P2

free energy taking into account higher degree tefthan
those in Eq(14)].

(i) The low-field deformation of the minimal phase dia-
gram is presented in Fig.(®. At low fields the circular
where a is the angle betwee®, and E. A=¢,;+¢,-2w  phase becomes elliptic parallel to the figklL,) while the
wherew is the angle betweeR, andOx. Minimization of F EL phase remains elliptic but non parall@Lg). Similarly

1
+ '}’P(Z)plpz COSA — PoE CoOSa + Z(Pz, (14)

yields six stable phases the R phase remains rectilinear but nonparallef). A par-
(1) The polarized liquid phase XC.,: p1=p,=0, Py allel R phase is stabilized between the liquid and the, EL
=kE, phase. Thus the direct transformation from the EL phase into
(2) the R1 phasdflip) Pma2: p1=p,, a=0, A=, the isotropic liquid across a four-phase point becomes impos-
(3) the R2 phasegflop) Pmm2:p;=p,, =0, A=0, sible under the applied field. Figuréc3 displays the phase
(4) the Rz phasePm: p;=ps, diagram in theb,-field plane. At high fields botiR and EL
(5 The EL, phaseP2: «=0, A=0 or m, become parallel to the fieldR1 or R2 according to the sign
(6) The ELg phasePl: general case. of the coefficienty). At still higher fields the elliptic phase

A number of theoretical temperature-field phase diagrambecomes rectilinearR is the single stable phase at high
is associated with the free ener§yg. We will first present fields.
those corresponding to the “minimal” zero-field phase dia- Figure 9 displays temperature-field phase diagrams for
gram (Fig. 8) in which all the transitions are second order fixed b,. Forb; >0 [Fig. 9@)] the circular phase is stable at
and the direct elliptic— isotropic transformation is impos- zero field belowT,. High fields stabilize théRk phase below
sible (except at the isolated four-phase pgint/e will de-  as well asabove T. This remarkable behavior means that
scribe then the more realistic situation in which this transfor-aboveT, the achiral liquid state can become unstable under a
mation is possible across a first-order transition line. Thesufficiently strong applied field which makes it polar smec-
latter case is associated with the Landau expansion of thgc. The field-induced ordering can be second order and the
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corresponding critical field varies §§-T.)'2. Below T, the
circular phase is stable at zero field and it becomes elliptic
when the field is switched on. At higher fields it undergoes a
second-order phase transition into tRephase. The corre-
sponding transition line becomes first-order at a tricritical
point (T,). The hysteresis curve associated with this transi-
tion is represented in Fig.(®. For b;<0 [Fig. Ab)] the
phasesk and EL are stable beloWw, at zero field. The liquid,
the phase® and EL transform into the parall&® phases at
high fields. The stability domains of the pha$®s EL,, and

Rz merge at a triple pointTy).

Taking into account higher degree coupling terms in the
free energy modifies the previous phase diagram as repre-
sented in Figs. @)—9(f). A first-order transition between the
liguid state and the elliptic phase becomes possjBig. FIG. 10. Temperature-field phase diagrams resulting from the
9(d)]. A first-order isostructural transition can also occur in-deformation of the nonminimal zero-field diagraey. According to
side the elliptic stability domaifiFig. 9(e)]. Below the cor- the degree of non-linearity and to the signs of the phenomenological
responding critical field the elliptic phase has an almost cir£oefficients in the free energy, various topologies may be predicted
cular structure, while it is almost rectilinear above theincluding various triple(Ty) and tricritical (Ty) points.

transition. The transition line has a terminal critical point. o . .
(To) P ing unstable within this range. Fop>135° the nematic

phase can coexist with AFE structures. However, almost all

(i) Let. us now consujer the Qeformauon by the f|¢|d of the bent-core mesogens exhibiting the unconventional AFE
the nonminimal phase diagram in which a first-order isotro-

pic —elliptic transition line is present. The zero-field phasephas.(.as correqund to an opening angte 135°. A surfa_tce
diagram is presented in Fig. &. Close to the elliptic do- stabilized smectic A phase has also recently been evidenced

> " s s . in thin films [38] for molecules withy>140°. Along the
g‘rg'gr the transition<C—liquid and R—liquid become first same line transitions from Si-or SmC to B, have been

Let us consider the thermodynamic path indicated in theobserved In binary systems formed with bent-core mixed

o . . . with calamitic mesogeng39]. A “demixion” is observed be-
Z€ro f|elq phas_,(_e diagrarfFig. 10a)]. Along thls. path t_he tween the classical phas€dm-A, Sm-C and nematigwhich
system is rectilinear at low temperature, elliptic within an

intermediate range and isotropic at high temperature. Apply‘:’\re stabilized at low bent-core concentration and pigse

) . . . .“which is stable at high concentration.
ing E and varyingT along this path yields the phase dia- ; :
grams presented in Figs. (0-10d). The R, phase, which Two different textures of the bent-core phase dendggd

was stable at high fields in Fig. 8, becomes metastable and i%re observed in bulk samples: racemic and *homochiral.
no more present in the phase diagram. Thus, belgwhe n a structural model proposed by Lirék al. [2] these two

stable high-fields phase is liquid. TRy— EL,, R,— Lg and textures are associated with two distinct phases, denoted ra-

EL,— Lg transition temperatures decrease with the field. cemic and homochiral model phases. The structure of the

Along the two zero-field thermodynamic paths crossing in_homochlral model phase coincides with the elliptic phase. It

Fig. 103 the second-order— C andL — R transition lines, is confirmed by a whole series of experiments. By contrast,
respectively, the metastability of the high-fiels phase can
also take place. In the case when Bxphase is stable at zero
field the transition to the liquid state may be either first or
second ordefFig. 11(a)]. In the case when the circular phase
is stable at zero field the parallel rectilinear phase is stabi-
lized within an intermediate field rangé-ig. 11(b)]. The
temperature stability interval of thiR phase may be limited
by a triple pointTg [Fig. 11(c)].

V. DISCUSSION

The bent-core mesophases condense directly from the iso-
tropic liquid, usually without any intermediate smecticr
nematic phase. Only few exceptional cases of smektir

nematic can be found in the experimental literat{#%-37. FIG. 11. Temperature-field phase diagrams where the coupling
These classical mesophases are stabilized in systems of p@gefficients favor the liquid state. In contrast to the case of the
ticular molecules with a large opening anglevhich behave  diagrams shown in Fig. 9, the liquid state remains stable at high
almost as calamitic mesogens. This rule is supported by nuelds. The field destabilizes the ordered states, which undergo
merical simulation$22] which state that the SrA-phase can phase transformations toward the liquid phase above critical fields.
exist only for>165°, the antiferroeletriCAFE) phases be- The corresponding transition lines may be first or second order.
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we think that the organization of the racemic texture remains A thermodynamic model based on the same ideas has
an open question. In our approach the only achiral structurbeen proposed by Rogt al. [42]. Starting from the parent
is theR phase which seems at first view a good candidate foBm-A it predicts fiveferroelectric phases after condensation
describing the racemic texture. However, the interpretatiornf two independent order parameters: One axial and one po-
of two systematically coexisting textures over the full stabil-|ar homogeneous vectors. In order to fit their theory with the
ity temperature range of phaBg as distinct phasegacemic  antiferroelectric character of bent-core systems, the authors
and homochiral model phases, on the one hand, or ELRand jnyoke a helical winding of the polarization due to a flexo-
on the othey is impossible from the point of view of ther- gjectric term in the inhomogeneous free energy. In this con-
modynamics. We propose for this reason to identify the hotinuous approach the modulation of the polarization is long
mochiral texture with single domains of EL and the racemicrange and cannot give rise to an antiferroelectric phase but
texture with several small domains of EL with opposite rather to a SnE’-type structure characterized by an helical
chiralities. pitch much larger than the layers thickness. Even by assum-
Recently an untilted antiferroelectric smectic phase hag,g a giant flexoelectric coefficient, the temperature-
been disclosed in banana systems by Ereetial. [21] (de-  gependent pitch has no reason in this theory to lock to a
notedCp in Ref. [11] or SmAP, in Ref. [22]). This achiral  yajye corresponding to two smectic layers.
phase exhibits the molecular structure predicted for Rhe Selinger[43] has proposed an Ising-type model investi-
phase. It is optically biaxial and shows an AFE switchinggating the “antichiral” phases occurring in racemic mixtures
current behavior. The AFE chir@; phase appears just be- of chiral bent-core molecules. Starting from a smectic phase
low the liquid state. It differs from phas®, by its extraor-  he considers a pseudoscalar wave with the smectic periodic-
dinary textures, its weak smectic character in the temperaturig, He can thus investigate the action of chiral doping on the
region close to the isotropic liquid and its 2D large-scalegntichiral to homogeneously chiral phase transition. This ap-
modulations[10]. We propose its possible identification with hroach uses a scalar order parameter which caqmat:
the circular phase. posely explain the apparition in the Sr-of the polar and
axial orders. They are assumed to preexist in each layer,
unlike our model, in which the condensation of the antifer-
roelectric states are fully 3D effects since the layers forma-
Structural models of polar smectic layers composed bytion is a consequence of the process.
bent-core molecules have been considered by Betnall. The previous approaches assume a parentASpiase
[40]. The one-layer structures are obtained by intersectingvhich is usually not observed in pure bent-core systems.
the symmetry group of the Sr-ayers with that of a bent- Thus, the stabilization of the predicted phases can result only
core molecule. Different orientations of the molecule withfrom a coupled instability involving in the liquid state at
respect to the symmetry axes of the layer give rise to differieast three order parameters: The smectic density wave to-
ent point groups and, consequently, to different structuresgether with the polar and axial homogeneous vectors. Such
The highest possible symmet(,, yields a polar layer in  sjtuation is thermodynamically extremely unlikely. Moreover
which the molecular plane is not tilted. When the polariza-this mechanism would necessarily stabilize some phases cor-
tion reverses in two successive layers the struct@) is  responding to the condensation of only one or two order
antiferroelectric(this structure coincides with olR phasg¢.  parameter§Sm-A, Sm-C, polar liquid, ..). Indeed, one can
For an orientation wittC, symmetry the structure becomes assume that in a few compounds the thermodynamic coeffi-
chiral and gives rise to an antiferroelectric structure coincidcients take very specific values yielding the simultaneous
ing with the elliptic phase. Similarly\Cs andC, groups lead onset of three independent order parameters, however the
to achiral antiferroelectric phasé€g,,Cg ) and several chi- realization of these conditions in all the studied molecular
ral phases. However, this work is limited to the enumeratiorseries is, for us, unbelievable.
of the structures only. Their stability is not investigated and To summarize, these approach@s do not explain the
only low-field effects are described. stability of the two-layer antiferroelectric phagexcept Ref.
Katset al. [41] have considered a semimicroscopic model[41]), (ii) assume a Sm parent structure which is not ob-
in which three tensors break the rotational and achiral symserved in most cases, afid) imply several unlikely simul-
metry of the SmA phase: One axial and one polar vectorstaneous instabilities. On the contrary vector-wave theory pre-
along with a pseudoscalar. In order to keep locally an indicts antiferroelectric phases, one of them with the structure
plane two fold axis they impose to the two vectors to beof the homochiralB, phase, which are stabilized directly
parallel. Four phases can then be stabilized in which twdrom the liquid state. Moreover, as in unconventional super-
tensors condense with the same periodicity as the smecteonductors, this very simple mechanism involves a single
lattice while the third tensor remains homogeneous. Thi®rder parameter accounting for the complex properties of its
model yields four phases: Two achiral phagase antiferro- ordered phases. One can notice that our approach holds also
electric and synclinic and the other ferroelectric and anti+f one starts from a nematic phadeecause all the low sym-
clinic) and two chiral phase@ne synclinic ferroelectric and metry groups are subgroups of the nematic gjam needs
one anticlinic and antiferroelectyicThe latter one coincides only a few adaptationg.g., theC phase becomes ellipjidf
with our elliptic phase. The symmetries, structures, andne starts from a Sm-phase. Accordingly it can also de-
physical properties of these phases are not worked out in thiscribe the transitions occurring in binary mixtures from the
model. nematic and Sr# calamitic phase$39].

A. Other theories
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B. Structure of phaseB,.

The molecular arrangement in phaBg has been deter-
mined by electro-optic measurements in bulk samples and
thin films. Since the case of the homochiral texture is not
controversial we will only discuss in this section three hy-
pothesis(racemic modelR phase, and multidomain of BL
concerning the racemic texture. With an opening angle
about 100°-140° the bent-core molecules are optically bi-
axial. The two corresponding optic axes are normal to the
molecular polarization2]. Since the molecules have,,
symmetry group, the two axes are tilted symmetrically with
respect to the molecular plane. This property permits to op-
tically distinguish theR phase, the EL phase, and the racemic  FIG. 12. Field-induced rotation of the extinction cross in a cir-
model phase. In th& phase the optic tensor is identical in cular domain of the elliptic phasga) The smectic layers are normal
two adjacent layers. Moreover the two optic axes of the layef© the plane of the figure and the wave vedtds radial. The local
are tilted symmetrically with respect to the layer normal. Intwofold symmetry axes are either normal ko(Cy, and Cyy) or
the racemic model two adjacent layers are also optically inParallel (Cz). (b) Orientation of the principal axes of the optic
distinguishable, but the two optic axes are now tilted to dif_tensor at various positions inside the cllrcular domain. The axes are
ferent angles with respect to the layer normal. The Samgaral!el tO.CZX’ C.ZZV’ andk._ The extinction cross observed under
behavior occurs in the elliptic phase, however, in two a_dja_polarlzed light with a polarizer parallel % and an analyzer parallel

. . - to Y is indicated by dashed line&) The application of an electric
::Tent layers the directions of the two optic axes are rotated 19014 E normal to the plane of the figure breaks the twofold a8gs

. . . andC,,. The optic axes within the plane,k) of the figure are no
. In thin fre_e_zly suspended films, W'th!n the temperature "®more locked and rotate in a sense which depends on the polarity of
gion of stability of the bulkB, phase, Linket al. observed @ = g field. The extinction cross rotates to the same angle.

biaxial antiferroelectric achiral structure. The main optical

characteristics of this structure gii¢ the tilt of an optic axis  elliptic phase. As the field changes its polarif, becomes
with respect to the layer normali) the coexistence under an negative e,, changes its sign and the optic tensor axis rotates
electric field of two domains with their optic axes rotated toin the opposite direction. In contrast, in tRephasee,,,=0

7. Assuming the identification of the racemic texture with @nd no rotation should be observed. Indeed, under applied
the R phase, the observed tilt of an optic axis could be ex-electric field theR phase has the point symmet6, that
plained by the intrinsic biaxiality of the layers discussed!ocks the principal axes of the optic tensor and forbids any
above. For further conclusions the determination of the difotation. This absence of rotation is observed in the racemic
rections of the two optic axes is necessary. In thin films of €9ions, which are thus compatible with tRephase proper-

the R phase under low electric fields four domains can coex!es: L .
ist (two series of two optically indistinguishable domains HO\_/vever, It is more reasc_)nab!e to look for anp;her Inter-
This fact is in qualitative agreement with the observed do_pretatl_on Qf the racemic regions in terms of spga_cmc textures
; L : occurring in the elliptic phase. At tHe— EL transition many
main structure in films. Howev_er, th.e two domalng are NOkmall domains with opposite handedness must be created in
necessarily rotated to an angein R (in fact, neitherin the ;4o 15 restore at the macroscopic level the broken achiral
racemic model since in films under electric field it prese”tssymmetry of the liquid phase. The resulting texture appears
the same domain pattern 8. _ achiral at large scale. Under special conditions, e.g., under
In bulk samples the homochiral state is usually observeghe influence of the surface or close to structural defects, the
inside circular domains with the smectic layers normal to thesjze of the monodomains can be increased. This happens, for
substrate. In such a domain, the extinction cross observegistance, in the circular domains discussed above. The mul-
with polarized light rotates under electric field in oppositetidomain texture behaves thus as the racemic regions while
directions after field reversg®,44,49. In a circular domain the monodomains of the elliptic phase shows the behavior of
formed within the EL phase, the wave vectois radial and  the homochiral regions. In the racemic regions the absence of
the twofold rotation axes of the elliptic phase are normal andotation of the extinction cross is thus explained by the fact
parallel to the plane of the domajfig. 12a)] respectively. that the right-handed domains rotate clockwise whereas the
These twofold axes indicate the directions of the principaleft-handed domains rotate counterclockwise. In this ap-
axes of the optic tensor at each point in the domain. At zer@roach the chiral character of the individual domains is
field this configuration leads to an extinction cross parallel tadropped out while the tilt of the macroscopic optic axis per-
the polarizer and analyzer directioffsig. 12b)]. When the  sists since the domain walls keep the biaxial symmetry.
field is applied normally to the domain, the twofold adlg, In conclusion, we think that available experimental data
is not modified while the two other symmetry axes arepermit us to make a clear-cut conclusion about the elliptic
dropped out, yielding a rotation of the principal axes of thestructure of the homochiral texture but that the question re-
tensor together with that of the extinction crg§sg. 12c¢)]. mains open for the racemic texture. In any case, the system-
We have shown in Sec. Il C that the field-induced rotationatic coexistence in the bulk of two distinct phases over a
of the optic tensoe is given by the lawe,,=e,, E, where the large temperature interval cannot be taken as a basis for the
third-rank tensor componer,,, has nonzero value in the data interpretation.
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C. Properties of phaseB, critical field the system undergoes a second-order transition

Second harmonic generation experiments show that th®ward the paralleR phase which possesses a single domain
single nonzero component of the SHG tensor is very small iinder fields. Thus th&® phase hypothesis is in agreement
phaseB, [46,47). The only symmetry classes which combine With these observed properties of the racemic texture.
chirality and zero SHG tensor are 422, 6222, and 432
[48]. Sincex>2 is the point group of th€ phase, the small
SHG signal can be interpreted as a strong circular character D. The Cp phase
of the elliptic phase at zero field. On increasing the electric
field the signal varies smoothly up to a critical field where it ~ The existence of an untilted rectilinear phase in our model
sharply increases and exhibits a strong hysteresis. In thé made possible by the fact that though the primary polar-
high-field region the SHG tensor shoWs symmetry. In the ization wave induces an axidilt) wave, the molecules can
elliptic model, the high-fields phas&4 or R2 have the sym- be polarized and untilted at the centers of the layers when the
metry C,,, which is ruled out by the previous experimental phase shift between these two wavesri2. The recent dis-
results. However, the elliptic phase h@s symmetry under covery by Eremiret al.[21] of such an achiral antiferroelec-
low fields and can undergo a first-order isostructural transitric structure in compounds of molecules with an opening
tion [see Fig. 9e)] from a low-field almost circular configu- angle y=106° confirms the possibility of an achiral AFE
ration toward a high-field strongly ellipti¢or possibly al-  state in banana systems. This phase was dei@iédr Cpp),
most rectilineay configuration. The corresponding hysteresisfollowing a nomenclature introduced by Braatial. [40,53.
is in agreement with the experimental data. It exhibits the characteristic double-loop AFE hysteresis

The chirality of the banana phases has been probed byurve with very high saturation polarization. In contrast to
chiral doping experiment§49]. It is observed that the do- the homochiralB, phase(EL) no optical switching is ob-
mains with one chirality are favored by the doping concen-served as the polarity of the applied electric field is reversed.
tration. In a chemically heterogeneous system this leads to i@ the structural model proposed by Erenginal, the sym-
demixion of the regions with opposite chirality. The samplemetry of the layers i€,,. Since the polarization alternates in
becomes homogeneous with uniform chirality only for highadjacent layers, the space group belongs to the orthorhombic
doping concentrations. These results coincide with the thed,, class. All these features are in a perfect agreement with

retical prediction of the vector-wave model indicating thethe structure of theR phase proposed by the vector-wave
demixion of the left- and right-handed domains at low con-model.

centrations and single handedness at high concentrgteas
Fig. 5.

Another important feature of our model has been experi- E. The B; phase
mentally verified[50]. Sufficiently high electric fields ap-
plied in the isotropic phase above the critical temperature The chiral B; phase is usually observed just below the
induces the formation of textures characteristic of the ellipticiquid state[9]. It is characterized by its extraordinary tex-
phase. Thus, our prediction of a field-induced instability oftures such as spiral, double spirals, oval, and circular do-
the isotropic phase is confirmed. mains and stripes which are usually interpreted as resulting

The broad stripes evidenced in the homochiral regiongrom a helical structure. Its dimensionality remains contro-
under applied fields have been interpreted as chiral domaingersial and both 1D and 2D structures have been proposed.
with optic axes rotating in opposite directions depending orRecent measurements have shown a large-scale modulation
the handedness of the dom##b,51,52. This effect can also of the 1D structure along a direction perpendicular to the
be due to the incommensurate superstructure of the elliptitayer normal[10]. Neglecting at the microscopic scale this
phase. Indeed, we have claimed in Sec. Il that under appliechodulation and assuming the one-dimensional character for
fields the helical superstructure can transform into a periodiphaseB,, we are going now to discuss the identification of
pattern of domains. In two adjacent domains the handedneghaseB; with the circular phase.
is the same but with the short and long elliptic axes, respec- At the isotropic—B- transition no jump in the physical
tively, parallel to the field. Applying the field parallel to the properties, such as the saturation polarization, has been evi-
long and short axegoinciding with the twofold axes paral- denced in agreement with the possibility of a second order or
lel to the smectic layers of the commensurate EL phaaa  weakly first order isotropic—C transition. The main prob-
result in opposite optical rotations if the coefficiegjg,and  lem of the proposed identification comes from the nonsmec-
€.y have different signgsee Sec. Ill §. Thus the apparent tic character of the bullC phase while theé8; phase is cur-
chirality difference in adjacent domains can be in fact due taently assumed to exhibit a low symmetry smectic structure.
different signs ofey,, and e,y, in a single chiral domain Observation of sharp x-ray peaks and formation of stable
striped by solitonic walls. fibers [54] seem to confirm the smectic character of phase

Thin stripes are also observed in the racemic texture unB,. However, since on the one hand fibers were also evi-
der an electric field, and they disappear above a thresholdenced in bent-core nematifs4] they do not permit us to
voltage [52]. Within our model theR phase becomes non- firmly conclude that phasB; is intrinsically smectic. On the
parallelRg at low fields and paralldR; or R, at higher fields.  other hand the x-ray diffraction patterns obtained on cooling
In the nonparallel state two orientational domains, rotated tdrom the liquid state indicate a single very wide peak down
an angler about the field axis, are stabilized. Above theto 5 K below the isotropic—B; transition[10]. Along the
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same way, thin films of phad®,; are very difficult to stabi- apparent symmetry lowering in phaBe while this phase is
lize. We interpret these two preceding properties as the efften observed between the high symmetry liquid andBhe
fects of a weakinduced smecticity in theB; phase at high phases.

temperature. Indeed a slight distortion of the circular phase We can then propose the following tentative scenario: In
makes it elliptic and consequently smectic. This distortionthe high temperature region of ti8s phase the structure is
can be produced by the film surfaces or, similarly, by thedescribed by the circular wave with weak induced smectic
interfaces between two domains of opposite chiralities. Aorder. This phase can be stabilized within a temperature in-
high density of such surfaces is optically observed in theerval close to the isotropic liquid. For lower temperatures
textures of theB; and B, phases. This assumption is sup- the system undergoes a transformation into a more ordered
ported by fracture microscopy ima@#0] showing randomly  (maybe elliptio smectic structure with a 2D modulation in
dispersed small regions in phaBe which can explain the the direction of the layers.
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