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Unconventional Mesophases Formed by Condensed Vector Waves
in a Medium of Achiral Molecules
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A phenomenological theory that describes the phase transitions from a liquid of achiral molecules to
the periodic antiferroelectric mesophases is presented. The transitions are shown to be driven by the
vector-wave condensation mechanism. Resulting ordered phases have the structure of a vector wave
with linear, circular, or elliptic polarization. The phase diagram, the stability with respect to spatial
modulation, and the behavior in an external field are discussed in relation with the recently discovered
achiral antiferroelectric liquid crystals. [S0031-9007(98)08201-5]
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Prediction of the ferroelectric phase existence in chi-assume implicitly the existence ofsmectic paraelectric
ral smectics [1], followed by the discovery of a variety phasewhich should be stable between the antiferroelec-
of ferro-, antiferro-, and ferrielectric mesophases [2,3] is dric phase and the isotropic liquid. However, at the same
success of the application of symmetry arguments in liquidime x-ray diffraction and optical microscopy have shown
crystal research. In the media formeddhjiral molecules the absence of the paraelectric 3nphase in the phase
the tilted smectic structurdoecomes simultaneousjyo-  sequence of the compounds under consideration: The an-
lar, which leads to a strongnducedferroelectricity (or tiferroelectric phase condenses directly from the isotropic
antiferroelectricity) effect. The more general question ofliquid [8—12]. This essential point clearly distinguishes
whether the polar ordering could existin a mediunacii-  the new phases from previously studied ferroelectric and
ral molecules has remained open for a long time, though antiferroelectric analogs.
considerable effort, both experimental [4] and theoretical The aim of this Letter is to account for these particular
[5], has been expended to prove the existence of ferrdeatures and to propose a phenomenological model of the
electricity in this system. The dipole interaction in con- antiferroelectric phase formation in a system of achiral
ventional liquid crystals was considered to be too weakmolecules assuming condensation of a vector wave directly
to produce long-range polar ordering [6], the induced ferfrom the isotropic liquid. We show that three distinct
roelectric effect is forbidden by the symmetry of achiral phases stabilized by this mechanism have tentlensed
medium, and the induced antiferroelectricity was not diswav€ structure of linear, circular, and elliptic polarization,
cussed. However, recent progress in the synthesis of meskespectively (Fig. 1). The “waves” polarized circularly or
genic molecules with unconventional shape [7,8] resulte@lliptically have chiral symmetry, though in these phases
in the discovery of new antiferroelectric phases in a methe domains of opposite chirality are energetically equiva-
dia formed by achiral molecules with bent corbarfana- lent and coexist at the same temperature. The structure of
shaped molecul@d8—10]. In an external electric field the phase with linear wave polarization is achiral. The un-
these phases show double hysteresis loops and high sattenventional mesophase formation mechanism, which we
ration polarization. The common striking feature of thepropose, is fundamentally different with respect to exist-
new phases is theithiral symmetry In addition, these ing mechanisms of liquid crystal formation, namely, those
phases are not miscible with any known mesophase. Thisf the liquid to nematic or liquid to smectic phase transi-
fact indicates that their structures should be completelyions. The situation is reminiscent of that in the theory
new. The structural models proposed after the first seriesf high-T,. superconductors, where the classicgdairing
of experiments use the notions well establisheddon- mechanism was replaced by the anisotrogic-,--wave
ventional liquid crystalsto explain the properties of the pairing [13]. Following the analogy between supercon-
new mesophases. Sekieeal. [11] used the analogy with ductors and liquid crystals developed by de Gennes [14]
the helicoidal structure of the smeciit- (Sm-C*) phase s-pairing is equivalent to the condensation ofsaalar
in chiral smectics to take into account apparently circu-density wavep = ||e!®T+¢) + c.c., which is respon-
lar domains revealed by the texture analysis. The typsible for the transition into the Sm-phase. The order
of the thermodynamical instability, which can form that parameter (OP) components for this transition are the com-
structure has not yet been advanced. létlal. [10] con- plex wave amplitudesy = |¢|e’® and ¢* = ||e ¢,
sidered the new phase to be also a classical smectic onglong the same line, the order parameter of theetor
in which the chirality is induced by two distinct instabili- wavecondensate proposed in this Letter is perfectly iso-
ties of a hypothetical paraelectric structure. Both modelsnorphous to the OP of the anisotropievave pairingin a
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; Minimization of the free energy with respect to the OP
N ! components provides four stable states: (I) the high sym-
i ﬂ' « A P-<—— metry liquid phase denoted. when |n,| = |,| = 0.
N S \ (1) For |m] # 0, |m21 = 0 (or equivalently|xn,| = 0,
/V{ ,} — 72| # 0) an antiferroelectric phase denotedand rep-
A ' resented by aircularly polarized wavewith the period
_ﬂ Vo . 241 /k is stabilized. In the uniaxial chiral symmetry group
P ! " Gc = ©122 (D) of this structure, the continuous trans-
PPTeY S ! : lations z, are broken as well as the continuous rotations
e DN AR > Ry. By contrast, all the helical combinatiomg, Ry re-
N ST main symmetry elements of the state. () Har|> =
;:"! , b T I |7,|%, one obtains the phagewith a biaxial achiral sym-
R S ".“! = ; metry groupGg = mma (D,;,) and alinearly polarized
' ' wavestructure. (IV) The intermediate phase EL, charac-
/ L a7 —> terized by|n| # |n.|, corresponds to thgeneral trans-
' ; verse wave with elliptic polarizatiomnd biaxial chiral
— T symmetry grougGe, = 2,22 (D;) (see Fig. 1).
a b ¢ Let us note that the vector wave condensation induces
FIG. 1. Condensed wave antiferroelectric structures with@S @ Secondary OP the condensation of the scalar density
(a) circularC, (b) elliptic EL, and (c) lineaR polarization. wavep = |V|e!?Fa) 4 c.c. with the wavelength equal

to the half-period of the vector wave. The corresponding

coupling free energy has the forficop = y[ln:i] X
two-dimensional superconductor which stabilizes thredn:||¥|cod¢; — ¢ — )] and induces smectic order
distinct superconducting phases [15]. This analogy openi& the phases with lineafR) and elliptic (EL) vector
up the possibility to use numerous results of thevave  wave polarization. However, in the phaSewith circular
superconductivity theory for the understanding of thepolarization the coupling energy vanishes and the structure
proposed unconventional periodic mesophases, namelgpes not become smectic. This fact shows that these new
the number and the type of phases, phase diagram, criticelesophases can periodicbut, howevernot smectiand
behavior, vortexlike defects, mixed twist-grain-boundaryillustrates the difference with conventional liquid crystals.
(TGB)-like states, etc. A typical phase diagram presenting stability regions for all

The formation of an antiferroelectric phase with localthe phases is shown in Fig. 2. In this simplest diagram

polarization perpendicular to the wave vector of the structhe isotropic liquid is separated from tl@ phase by a
ture is driven by the condensation of a transverse poldine of second-order phase transformation. The transition
waveP(r): betweenL andR phases changes its order from second to

P(z) = e[ pycodkz + ¢,)] + e,[ pycodkz + ¢,)], o
nd orger

A
(1) aWT-Ty 1T ... 1st order
o — — Stability
where thez axis is chosen along the wave veclor p, boundary

andp, are the components of the wave amplituge,and
@, are the initial phases, argl ande, are the unit vec- \
tors in the plane perpendicular to the wave vector. The LN
combinationsn; = p,e'® — ipye'®, mp = pye ¥ — S A
ipye ', mi and n, of the complex wave amplitudes b,
span four components of the irreducible representation R C

of the liquid state Euclidean symmetry groo{3) X R;

and represent the OP componenis = |n|e¢', 1, =

|n2]e’®>. The transformation properties of the OP com- EL
ponents’ permit to calculate the effective free energy asso-

ciated with the antiferroelectric phase formation depends

only on two invariants:Z; = ;| + m2m> = |91|> +  FIG. 2. Phase diagram associated with the free energy Eq. (2).
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first at a tricritical pointP,.. The stability region of the
elliptic phase EL is limited by lines of second-order phase
transitions into the phasé€sandR. All three phases merge
at a so-called Landau poiit [16].

Before we present a detailed description of the struc-
tures involved in the phase diagram we first point out
that for an isotropic liquid formed by achiral molecules
the axial vector wave (e.g., a wave of molecular tilt with
respect to the wave vector direction) and the polar vec-
tor wave span the same representation of the symmetry
group. This fundamental property has several important
physical consequences: (i) The free energy of the system,
the type, and the symmetry of the phases remain exactly
the same if we replace the polar vector wa(g) defined
in (1) by the axial vector waveA(z) = &,[a, codkz +
@x)] + &a, codkz + &,)], where &, and &, are the
unit axial vectors. The OP of this wave is defined by
&1 = ace'® —iaye'® andé, = —ae P + iaye P b
(i) Frpm the thermodynamicall point of view the stropg FIG. 3. Local structure of the antiferroelectric phaSewith
coupling between two waves is expressed by the bIIIn'circular wave polarization (a) in a plane perpenpdicular to the

. * *
ear term in the free energfpa = 8(171&1 — Mm& +  wave vector; (b) relation between the molecular plane filt, the
mér — nré2), whered is a phenomenological coupling polarizationP, and the wave vectdk.

constant. Consequently, the condensation of the tilt wave
necessarily induces the polarization wave, and vice vers
The phenomenological description and molecular sym
metry permit us to model the distribution of molecules in
each phase. Banana-shaped molecule§,pfsymmetry
possess a permanent dipolar momant Its local average
value has the meaning of the polar vedr By contrast,
the axial vectorA cannot be attributed to a single molecule
and characterizes a property of the molecular orientatio
distribution function. In theC phase the vectoA has a
simple geometrical meaning. It can be presented as a ti
of molecules with respect to the local plane formed by theT !
polarization vecto® and the wave vector (Fig. 3). The €
molecular distribution in the~ phase can be understood
then as a spiral formed by the banana-shaped molecul
tilted to the constant anglé out of the local(P, k) plane |

Fig. 3). In theR phase the axial vectoA has no so
simple image as it is the case in tephase. Neverthe-
less, the smectic character of the linear phageermits its
presentation in a simplified way in the region far from the
transition from the liquid state. When the smectic layers
are well pronounced the structure can be represented as a
ﬁimple bilayer antiferroelectric phase. A similar structure
was proposed by Takezoe and Watanabe [17] to interpret
fhe dielectric and optical properties of the bent achiral twin
imers. In the elliptic phase EL the structure combines the
atures of the andR phases.

In order to study the spatial variation of the order
parameter along the wave vector direction we have to
consider in addition to (2) the inhomogeneous part of the
free energy which contains in the simplest case three terms:

Finh = A[m1(dm7/02) — 7 (9m1/3z) — 12(dm3/02) + n3(3n2/dz2)]

+ g[(0m1/92) (9my/0z) + (9m2/0z2) (9m5/02)] + k[, (9 /dz) (9m2/92) + Mami(dm5/dz) (9m1/d2)].
The addition of the gradient terms leads to the trivial consequences in the piasesl R. Their structures
remain homogeneous but their actual wave vectors become temperature depkndekt+ (7). By contrast, the

homogeneous EL phase is unstable with respect to the spatial modulation. Its structure becomes incommensurate and
can be presented by the following wave:

P(z) = e, {p.cod(k + q1)z] + pycod(k — g2)z]} + e, {—p.sin(k + ¢q1)z] + p,sin(k — g2)z]}.

The corresponding point symmetry decreases frbpn  cancel the resulting polarization. This can lead to a TGB-
to C, and allowsa priori nonzero polarization and ax- like state formation mentioned as a possible candidate
ial vector. However, due to the chiral symmetry of thisfor the low-temperature phase in 1,3,-phenylenebis[4-(4-
phase it should be helically wound in the direction per-n-alkyloxyphenyl-iminomethyl)benzoate@}-»n-O-PIMB)
pendicular to the twofold axis and to the wave vector and11] on the basis of the x-ray diffraction data.
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—— 2nd order period of the phase. The plane of the wave polarization
""" Ist order of the structure is parallel to the applied field and the sym-
. EY - - penas, metry of the state become,,.

AN Ferro In summary, we have developed a phenomenological
REPON theory of the direct phase transition from the isotropic lig-
uid of achiral molecules to the periodic antiferroelectric
mesophase. The proposed mechanism involsasgein-
stability associated with a four-dimensional order parame-
ter and leads to three ordered states with the structures of
the condensed vector wave being polarized linearly, circu-

larly, or elliptically. These phases have no analog among
_ -7 P, the known mesophases. Their structures and their response
R to an external electric field make of them likely candidates

"¢ Ferro for the antiferroelectric phases in liquid crystals of banana-

shaped molecules.

FIG. 4. The calculated electric field—temperature phase dia- The authors are grateful to N. Clark, G. Heppke,

gram. The case ob, > 0 (C-phase stable in zero field) is and H. Takezoe for providing the manuscripts before
considered. publication and to M. G. Kurkut for a critical review of

the manuscript.
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