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Coupling between tilt and polar orders in liquid crystal phases formed from achiral
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A phenomenological description is given of the mesophases which may arise below a liquid formed from
achiral molecules possessing a transverse dipole, as the result of a coupling between their tilt and polar orders.
Six stable mesophases are found. Two of them have a cholesteric biaxial structure. The others display antifer-
roelectric or ferrielectric, incommensurately modulated, structures with in-plane or out-of-plane spontaneous
polarization. The in-plane polarized structures become unstable under application of a longitudinal electric
field. Other field-induced effects are discussed.

PACS numbegs): 61.30.Cz, 77.84.Nh

I. INTRODUCTION of a vector wave with transverse linear, circular, or elliptic
polarizations. In their study these authors neglected the in-
After having been the subject of discussions in prelimi-fluence of the tilt order, considering that the condensation of
nary studieg1,2] the possibility of obtaining chiral liquid the tilt wave necessarily induces the polarization wave, and
crystal phases by the spontaneous organization of achir¥lce Vef5_6{9]- _
molecules was demonstrated experimentg8lyl]. Antiferro- The aim of the present paper is to extend the work of Ref.
electric smectic domains formed from molecules with ben{ 9], showing that in contrast to the preceding presupposition
cores that are achiral were obtained, with two types of tilted® coupling of the filt and polar waves, in a liquid formed
configurations displaying alternate or identical handednes&0m achiral bent shaped molecules any achiral molecules
from layer to layer{4]. Subsequently the synthesis of a va- permitting a transverse pola}r ord;_aallows stabilization of
riety of liquid crystal compounds with “banana” shaped add[tlonal stable phases, Q|sp'lay|ng remarkable effgcts. In
molecules was reportef], showing different phases with Particular we show that taking into account the coupling be-
homogeneouf3—6] or helical[7] structures. tween the two instabilities leads to antiferroelectric and fer-
Within the smectic layers the bent geometry of the mol-fielectric phases which possess aAIongltAudmaI component of
ecules allows a polar order perpendicular to the direntor the polarization, compatible with the— —n symmetry. The
defined as the average direction of the long axes which [{@aP€r iS organized as follows. In Sec. Il the homogeneous
along the line joining the two ends of the bent molecules.eq“'!'br!“m molecular configurations which may form below
The molecules may also have a tilted organization with ren€ liquid are worked out. In Sec. Il the corresponding mac-
. - roscopic structures are described, considering the inhomoge-
spect to the layer normal, with a wave vectorTherefore,

, . : neous couplings between the tilt and polar waves, as well as
the molecular configurations result from the coupling of two pling P

S . . he homogen ling which results in mectic order-
symmetry breaking instabilities, which are the polar onenta} € homogeneous couping ch results in a smectic orde

' . . ing. In Sec. IV the influence of an applied, longitudinal, or
tional order and the molecular tilt. Depending on th_e. naturg, o nsverse electric field on the different mesophase structures

%5 discussed. FinallySec. \j, we summarize our results, and
briefly discuss the available experimental data on “banana”
shaped molecular systems.

sess either different or identical symmetries.

(1) Starting from a parent smectik-(SmA) phase of
achiral point grouD..;,, in which the bent molecules rotate
freely around their long axes, the polar and tilt orders are
associated with distinct two-component order parameters !l- EQUILIBRIUM MOLECULAR CONFIGURATIONS

which are biquadratically coupled. Such a situation was con- e start from a liquid state formed from achiral polar
sidered by Royet al. [8], who showed that five different mqjecules, and assume that as the medium is cooled a tran-
smectic configurations of the achiral molecules within thesition takes place to a phase resulting from the simultaneous
smectic layers could be stabilized. Two of these configuragongensation of a transverse axial vector wéeepressing

tions possess a spontaneous longitudinal polarization, €O e molecular tilt with respect to tHedirection and a polar

patible with then— —n symmetry, and give rise to remark- yector wave. The axial vector wave of molecular tilt can be
able field effectg8]. defined as

(2) Assuming a parent liquid state, as reported experimen-
tally up to now[3-7], the polar and tilt orders have the same 2 ~ ~
symmetry, corresponding to four-component order param- (2 =[&xcodkz+ g lect £y codkz+ey)le,, (1)
eters related by a bilinear coupling. Taking into account only . _ -
the polar order, Lorman and Mettof8] described theoreti- Where the coordinate is taken along the direction, and
cally the resulting ordered phases, which have the structur|=Kk. &, and¢, are the transverse wave amplitudes.and
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FIG. 1. Local molecular configuration associ-
ated with(a) in-phase andb) opposed-phase tilt
and polar waves.

o, are the initial phasei:?X and?;y are axial unit vectors in s @ function of the amplitude componeds &y, Py, Py,
the plane perpendicular fa The polar vector wave can be and P,, and dephasings between the transverse axial and

written in the general case as the sum of transverse and Ioﬂi’—olIar Wtavteh&p%: "i{?]_d‘Px and g, = ‘Py__I‘Py_- 'tT]eSt”Cti?? gur-
gitudinal components3(z) = P(z) + P,8, ,6, being the unit- > o> 10 e Tourth degree monomials in the amplitude com-

vector alongz, where the transverse component is defined inoonents, one has
a similar way asf(z): Fn(é.&y Px,Py P, 01,¢2)

B1 Bo

Pla=PcotiareleciPycotiarepley. @ T2y @) Pl 2e )2 D222ty

P, andP, are the polar-wave amplitudes, aggande, the

unit vectors in the direction perpendicularﬁo + ﬂ(piJr p§)+ﬂ(p§+ p§)2
Assuming thek direction to be determinedi(z) and 2 4
P.(z) transform as the same four-dimensional irreducible by , 5 2
representation of the Euclidean symmetry gra(8) X Rs, + 5 PYPysint(ex—oy)
denotedGj,, whose generating 44 matrices are given in
the Appendix. Using the notation of R¢B], the four com- + 61[ Pxéx cOsp,+ P €, cose, ]
ponents of the corresponding irreducible order parameters s s
can be written for &(z) as & =&€9—ige'®, & +§[(§§+§§)(P§+ P+ g[ngxcos%
=—&@ 'tige 'y, &=¢£7, and £,=¢&; . For Py(2),
one has 7,=P,e'*—iP €%, n,=Pe '*—iPe %, +Pyé, COS@, %+ uP,[ Pyé, sing; + Pyé,sing;]
n3=n3, and n,= 75 . Using the transformation properties
of the ¢ and »; (i=1—4) components b, one finds the n p2 )
following independent invariants: 2x% z’
— _ 2 2
|1_flfi+§2§§_2(§x+§y)v where a4, B1, B2, a1, by, by, 81, &, 63, n, and
) p oy o~ X33 are phenomenological coefficients, which are assumed to
lo= 167 6,65 = 11— A& &) SN (0, — @), be constant excepi; = ao(T—T.) anda;=a,(T—T.). The
, dephasings ¢,—¢,) and (¢,— ¢,) are determined by the
11=m17% + mom5 =2(Pi+P)), (8)  equilibrium conditions
5= 7775 mas =117~ APLPY ST (04— 9y, £262sin(p,— ¢,)c08p,— 9,)=0 and
l3=m &l + 91 E1— 1265 — 15 & P)2(P§ SiN(@x— ¢y) O @~ ¢y) =0, (6)
=4[ Pxéxcos oy = ¢x) T Pyéy cod oy~ ¢y) . which for &:&,#0 andP,P,# 0 yield the equilibrium values

In addition, the coupling between the longitudinal compo-¥x— ¢y=/2 and ¢,— ¢y=7/2, the solutionsp,=¢, and

nentP, and the transverse axial and polar vector waves is ¥x= ¢y corresponding to unstable states. N
Minimization of Fy, with respect toP, gives the equilib-

La=PL 71 &7 — 1 &1t m0é5 — 15 &5 rium value
=4P [ Pyéx Sin((Px_Zéx)"_ Pyéy Sin(SDy_TPy)]- (4) P§= _/-Lng[ngx SinQDl"_Pygy sing,], (7)

Therefore, one can write the homogeneous part of the freeshowing that forp,# (0,7) or (and ¢,# (0,7), i.e., for tilt
energy densityF,, describing transitions from the liquid state and polar transverse waves which are not in phase or in
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FIG. 2. Structure of the molecular configura-
tions I, 1, and lll. (@) Circularly polarized con-
figuration |, which gives rise to a biaxial choles-
teric macroscopic structure of achiral symmetry
D... (b) Linearly polarized configuration I,
which yields an antiferroelectric bilayer smectic
structure for the mesophase. Each bilayer has the
achiral symmetrynma The macroscopic result-
ing symmetry ismm2. (c) Elliptically polarized
configuration Ill. The chiral symmetri2,22 of
each bilayer is lowered tB2 under the effect of
the long period modulation.

ESSSNNN

phase opposition, there exists a nonzero longitudinal compas shown in Fig. @). The & and »; variables obey the

nent of the total polarization. Introducirféf in Eq. (5) and
minimizing Fy, with respect top; and ¢,, one obtains the
equations of state

i 5 ;
Py éx sin@l( 61+13I3) —u COSngF’g =0,
(8)

. 93 '
Py&y| sing, 51+Z|3)—,U,COSQDZP§ =0,

wherel ; and P§ are given by Eqs(3) and(7), respectively.
Equations(8) and the minimization o}, with respect to

&, &, Py, and P, show that, in addition to the parent

liquid state ¢,=¢,=0,P,=P,=0), two classes of equilib-
rium molecular configurations can be distinguished.
(1) A first class is defined by the conditions sin

conditions| £;|2=|&,|2 and | 7,|?=|7,|? for this configura-

tion, denoted Il hereafter.

(ii) For é,# ¢,#0 andP,# P, #0, Egs.(1) and(2) and
the conditionsg,=¢,+(7/2) and ¢,= @+ (7/2) corre-
spond toelliptically polarized transverse wavedisplaying a
modulation of periodicity 2r/k along z for the long and
short axes of the ellipsd$-ig. 2(c)]. Here the equilibrium
relationships| &;| #|£,|#0 and|#n4.|#|7,|#0 are fulfilled.
This configuration will be denoted III.

(2) A second class of equilibrium configurations is stabi-
lized for singi=sing5#0, thus corresponding to arbitrary
dephasings¢é,— ¢,) = (¢y— ¢y) # (0,7). From Egs(8) one
can deduce thab] and ¢35 are temperature dependent, i.e.,
the relative orientation of the transverse tilt and polar waves

£ and |5t vary with temperature. On the other hand Eg.
shows that a nonzero component of the longitudinal polar-

—sing,=0. The transverse tilt and polar waves are in phasdzation takes placeP;#0. Hence the total polarizatioR

(¢x=¢x) Or in phase oppositiong,= ¢x+ 7,0y = @, + ),
as represented in Figs(dl and ib). As a consequence;

=0, and the total polarization is transverge= P,), colinear
to £, and normal to the plane formed thyand n and the

projectionc of n in the (x,y) plane, i.e., the tilt occurs by a
rotation of the molecules around the common in-plane direc

tion determined by and P. A further minimization ofFy,
with respect to the componengs, &,, Py, andP, shows

has the orientation shown in Fig9aBand 3b): it is normal

to n and fulfill the n— —n symmetry requirement. In other
words, the tilt mechanism corresponds here to an inclination

of the molecules with respect to tlzeaxis, within the 6,IZ)

plane, wherek here is a vector since tHe— —k symmetry
of the phase is broken. Minimizingr,, with respect to
&, &, Py, and Py again yields three stable molecular
configurations, denoted,l11’, and lll", which correspond to

transverse waves which are circularly, linearly, and ellipti-

that the& and P vectors can be differently polarized in the cally polarized, as for configurations I, I, and Ili. Thus in the

plane perpendicular tg.

(i) For §=¢,=&,#0 andP,=P,=P,#0, taking into
account the conditiong,=¢,+ (7/2) ande,= ¢, + (m/2),
one has &=¢,[coskztg)etsinkzte)e,] and P
=Po[cos(<z+<px)§x+sin(kz+gox)§y] defining circularly po-
larized transverse wavedlong z the & and P vectors de-

scribe concentric spirals with circular projections in the

(x,y) plane and a periodicity 2/k [Fig. 2@)]. In terms of
the & and n, components such a configuratiegdenoted |
hereafter corresponds to the conditiohg;| # 0,/ »,|#0 and
|&,|=0,7,/]=0, or equivalently to|&|=0]#%,/=0 and
|€2| # 0, 72| #0.

(i) For &=¢£,#0,6,=0 and P,=P,#0,P,=0 (or
equivalently ¢, #0,¢,=0 andP,#0,P,=0), Egs.(1) and
(2) have the simple formsé=¢,coskze and P,

=P, coskzé, which describdinearly polarized transverse
waves varying periodically, with a periodicity 2/k alongz,

configurations 1 and I1l’, which are stabilized for §,= ¢,
andP,=P,) and (# &, ,Px# Py), respectively, theé and

P vectors describe circular and elliptic dephased spirals,
which are shifted with respect to one another alan@s
shown in Figs. 4 and 4c). The configuration Il which
corresponds to

81(83+ u?x39) ~*
Pyéx

cosp]=—

and ¢,#0,6,=0,P,#0,P,=0), coincides with a transverse
wave linearly polarized, but showingcanting of the polar-
ization P with respect to the direction[Fig. 4(b)].

Table | summarizes the equilibrium properties of the six
configurations enumerated here above. Configurations |, I,
and Il coincide with the ordered states described theoreti-
cally in Ref.[9]. Note that we have considered exclusively
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FIG. 3. Local molecular configuration associ-
ated with dephased tilt and polar transverse
waves.(a) and (b) show configurations with op-
posed polarizations.

the configurations which result from a coupling between tiltgirection normal tok corresponds to the condensation of a
and polar orders, assuming that the nonzefp,&) and  scalar density wave associated with a two-component order
(Px,Py) components appear simultaneously at the samBarameten/,:|¢|ei(k.r+a) (and ¢*), which transforms as a

critical temperaturd ., as is usually observed in ferroelec'.two-dimensional irreducible representation of the Euclidean

trlc_or a?tlfr?rr(]zelectnc smect||c pr:asss. Indeegll, the m'n'_m"symmetry group, denote, in Ref.[10]. In our description,
zation of the free-energy, also leads to stable states in 5,0 spontaneous values fare induced by the “pri-

which the tilt and polar orders are uncoupled and may appeafar tilt and polar-wave order parameters;X and (7,).

at d'?.t'?ft cnUcaé(;c_e_mpelratures. Thhgshf?;rlz (sz: 7/ |2 __and therefore result from the existence of coupling invariants
one finds two additional states, which have been also Iy hich are linear ing. Using the transformation properties of
cluded in Table I:(i) State IV, corresponding té,=£,=0

5> 5 X 9 ) the irreducible representatio®, andE, (whose generating
and Pi=Py=[—a1/(2b;+by)], which coincides with &  agices are given in the Appendione finds that the lowest
circularly polarized SmA-type phase having the achiral sym- degree invariants correspond o= ||€'®" ) je. when
metry C,, . Hence, it is a biaxial phase with a transvzersethe induced layer ordering possesses a wavelength with half
polar order.(ii) State V, obtained foP,=Py=0 and &  the period of the transverse tilt and polar waves. Three inde-
=& =[—a1/(2B1+ B2)], which is associated with a SN pendent invariants are found:
achiral layer configuration of monoclinic symmet,,,.

The absence of average transverse polarization in this con- ls=E€165 % + &6 ¢
figuration can be figured as resulting from an isotropic rota- 5 - ) ~
tion of the molecules around the directors. Since we aim to =2|y|[ & cod2¢,— @) + & cog 20y~ @) ],
analyze the coupling effects between tilt and polar orders,
states IV and V will not be further discussed, except in Sec. l5=mm5 * + mami b
ID.
=2|y|[P; cog2¢,—a)+Pjcod2¢y—a)], (9)
ll. MACROSCOPIC STRUCTURES OF THE le=(— m&S + ph €D Yr + (88 — X E)
MESOPHASES

A. Induced layer ordering =4 y|[ Pyéy cog @yt oy — a) + Py, cod oy + @y — a)].
Let us first analyze the compatibility of the equiliorium  The equilibrium values of|, arising below the liquid,
molecular configurations found in Sec. Il, with a layer order.are obtained by minimizing the following contribution to the

The onset below the liquid phase of a layer ordering in theLandau free-energy, with respect|tg|:

FIG. 4. Structure of the molecular configura-
tions I', 1I’, and IIl'. (a) Configuration 1 with
circularly polarized transverse waves and biaxial
cholesteric structure of chiral symmetR2;. (b)
Bilayer smectic structure of the configuration Il
with linearly polarized transverse waves. The
achiral symmetry immn for the bilayer anan
for the macroscopic structurée) Bilayer smectic
structure of the configuration I with ellipti-
cally polarized transverse waves. The chiral sym-
metry isP2 for the bilayer and®1 for the mac-
roscopic structure.
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TABLE |. Equilibrium molecular configurations which may arise below an isotropic liquid formed from achiral molecules with trans-
verse dipoles, as the result of a coupling between their tilt and transverse polar orders. The columns have the following(a)ézimétigg
of the mesophasef) equilibrium dephasing between the tilt and transverse polar waves, and corresponding relationship between the waves
amplitudesjc) equilibrium value of the longitudinal spontaneous polarization; @ndype of polarization of the tilt and polar waves. States
IV and V correspond to uncoupled waves.

@ (b) (© (d)

| £=¢& ,P=P, circular
[ oy ox=py— @y =0 £#0,£,=0,P,#0,P,=0 P¢=0 linear
1] g+ £ Pi#P] elliptic
|’ &=¢& ,P=P, circular
I’ Oy o= Py~ @y £ 0, £#0£,=0P,#0P,=0 PS£0 linear
' g+ & Pi#P? elliptic
v _ . {§x=§y=0,PX: P,#0 ] Pe_0 c!rcular
Vv PxT PxT ‘Py Py= =% &=¢&,#0,P,=P,=0, circular
~ o~ * *
Fe(|¢|v§xvfy*Pwaa(an(Py:QDerDy) |l = 197]1_ *(9771 *(97]2_ 9172
) 771—(92 71 oz 72 oz 7]2—(32
_ 1.2 ’
_2|1//| +Vl|5+ V2|5+ V3|6' (10) P2 &(PX P2 a@y
— X 9z Yoz ©
This gives
. 1 , v2 (i) The direct and inverse flexoelectric coupling invari-
|‘//| =~ ;(V1|5+ volstuwsle)| . (11 ants:
Introducing successively in Eq11) the equilibrium val- an* 9 n 9
- 71 71 72
ues of the variational parameters for each of the stable con- I1g=| &—— p —-&— P §2 P —gl P
figurations I-1ll and 1-I1l", as given in Table I, yields the z z z z
following conclusions. For the four configurations I, III; ]I IP, Py Iy
and IlI" one hasls#0, I;#0, andl¢#0, and therefore ~§x¥8m¢1+§yﬁsm¢z+ ngxg COSp;
||+ 0. These configurations necessarily lead to the forma-
tion of a layer ordeyr whose periodicity is half the period of dey
the tilt and polar waves. In contrast, for the configurations | + nyy_az COSe2,
and I', one findsls=1;=15=0, i.e.,no layer order occurs
for coupled transverse tilt and polar circular waves (13
B. Incommensurate modulations y ( oEr agl) ( & 352)
In order to describe the long-range order for the me- Moz Mgz "5z 12 gz
sophases having the local molecular configurations I-IIl and " g ~
I"—111", one needs to take into account the interactions be-
' o 0 ~Py— —Xsing, + Py—— sm cos
tween the molecules along the direction, which is ex- X oz #1 i ng (? #1

pressed phenomenologically by the inhomogeneous Fart
of the free-energy density. Using the transformation proper- P %Y cos
ties of the&; and »; components, and restricting ourselves to YSY oz b2
the inhomogeneous terms which are quadratic in those com-
ponents, one finds three types of contribution$to

(i) The Lifshits invariants, which express the dependenc%r
on z of the order-parameter components:

IEY 231 « 962 23 0§, 961 0&, afz dE\ % [ 0€,\?
|7—(§1 9z _51 [7’2) (‘525_ 2?) IQ_EE-F 97 (?Z (E) +(E)

2

(|||) The Ginzburg invariants which reflect the elastic en-

2 9%y

~ ~ \2
_ 2 00x | 20y i ﬂﬂ"v
g2 g, (12 +§x( ) |5
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L S X B AR
9z 9z 9z 9z 9z 9z
~ 2
I\ ? de
+P2| —=| +pP2| =X
p2 az) Pzl =2/ . (14)

(3771 dEY  Iny (751) (57]2 9&; I, ﬁfz)
L= | —— - — | | 2222 22

Jz 0z Jz 0z 0z 0z 0z Jz
_ ﬁpxa_fx dpy dpy oS
9z 9z = *** 9z az ?1
JP, d& depy do
y 96y y 9Py
+ —_ = —_—
( 0z oz Yoz 4z )02
X9z dz X9z o9z #1
&y doy Py depy|
y o = — &y ——|sing,.
Jz Jz Jz 0z

Therefore the inhomogeneous free energy density has the

form

Fi(§X1§yanaPy :Z’x ,;y,QDX,(py)
= palzt pil i+ palgt uplg+ Kilo+ Kilg+ Kol o,
(19

where uy, @y, M2, My, Ky, Ki, andK, are phenom-
enological coefficients. One can pose

Iex_0¢y _0¢x 0%y _

gz 9z 9z a9z @& (16)

TOLEDANO, MARTINS, AND FIGUEIREDO NETO

PRE 62

Fi=0°[2(K1£3+ K1 P2) +Ka&oPo(CoSes +€0Sp,)]
+a{(maéet w1PY) + EoPol 12+ 1))
X sinqzcosqz(sing,—sing) + (uo— 1)
X (cogqzcose; + Sirf qzcose,]}, (19

minimization of the total free-energy = [ (F,+ F;)dz with
respect tag yields the equilibrium values

gom  Llmabat miPor (o po)Pobel
4 Kyt KIPHKoPoko]

for phases I, Il, and Ill. Using the approximations
a(Te—=T) 2
° | 2Bt B,
and
ay(Te—T) |2
° | 2b;+b,

shows that in those phases there isamstantlong-period
modulation, of periodicity 2r/q¢, which is incommensurate
with the wave period z/k. For phases'| II’, and III', one
finds

re 1
q:

- (m1€5+ 1iP3)
MK &2+ K{P3+K,Poé, coses]’

(21)

which depends on temperature via the angle Therefore,
the long-period modulation is temperature dependent. Note
that the preceding results were obtained using first approxi-

whereq is a modulation wave vector, and assume for themations, and the lowest-degree inhomogeneous terms. Tak-

three configurations tha,, &,, Py, and P, are slowly
varying periodic functions ofz, with the periodicity
(27/q)(g<<k). Taking

&x=¢&ocosqz,  &,=§,sinqz

P.=P,cosqz, P,=P,sinqz (17)

ing into account higher-degree gradient invariants or less
stringent approximations would lead to more complex be-
haviors.

C. Structure and nature of the mesophases

We are now able to describe the structure of the me-
sophases corresponding to the six equilibrium molecular
configurations disclosed in Sec. Il. Denoting the mesophases

one can then express the homogeneous and inhomogenedss the corresponding configurations, the structures can be

parts of the free-energy density as
4

_9%1 é
Fh_ 2 §0+ 2
4

[0}

T2

a
B1+ %co§ qzsir? qz) +71 P2

b
b,+ 710052 qzsir? qz)
. 52 2 2
+ 8,£,P o[ cOF qzCOosep; + Sin’ qzcose, ]+ > £ Po
1)
+ §§§P§[co§ 0ZCOS¢; + Sirf qzCcose,]?

. . . 1,
+uP,£,Po[coS qzsine, +si? gzsing,]+ ——P3,
X33
(18

depicted as follows:

(a) Mesophases | and.lIn mesophase | the director
and transverse polarizati(fn describe two concentric spirals
around thez axis with a circular basis, as shown in FigaR
Since there is no layer order the mesophase hagdal
cholesteric structuravith a chiral symmetnD... Along the
z direction one has the superimposition of two incommensu-
rate modulations with constant periodicities/X and 27/qy
[whereqy is given by Eq.(20)]. This destroys the strict an-
tiferroelectric character of the structure that would exist in
the absence of the incommensurate modulation, and in par-

ticular the discrete helical rotatior{sf¢,k}, wherec, is a

rotation aroundz of angle¢, and t},k a discrete translation
along z. Note that biaxial cholesteric phases have been al-
ready found experimentally in lyotropic systefisl,12.
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At variance with mesophase |, mesophas@pdssesses a @ a4,y ©) ag,04
- R a
longitudinal componenP, for the total polarizatiorP. P is

. . A A . Isotropic | Liquid Isotropid Liquid
located within the tilt planer{,k) at an angle 4/2)— 6 with \/ N1 N2/
k, and therefore fulfills then——n symmetry but not the \E_____L ___bypy I /1 A

~ A~ T T

up-down k— —k) symmetry of the layers. Hence the me- I .71 ! o i
1 1

i 1

sophase has a biaxial cholesteric structure of chiral polal "1;1
symmetryP2,, represented in Fig.(d), and iormecj by two © o (@ o
concentric spirals associated with the vectmndP. Note \'\sf‘mp'c Liquid Lo I, :\.”\&‘Trz

that the structure may split into mesoscopic domains of op- Tofll "~-._.% = N e
posed polarities- P, corresponding to opposed-phase con- ~~-==""" T~ /,’ Lor I,

figurations foré and P,. Due to the influence of the modu- ,) Torl'|,
lation wave of period z/q’e, which varies with the / i
temperatureT, the periodicity alongz is destroyed and an 1 \
overall chiral polar symmetrg., is restored for the macro- \
scopic structure, with an incommensurate layer periodicity. © ) O
(b) Mesophases Il and ll Mesophase Il corresponds to AN ' Isotropic Liquid
an antiferroelectric bilayer structureas shown in Fig. @), T N_ |
with opposed tilt and transverse polarizations in two succes- B
sive layers. It coincides in average with a Sjntype struc- ~
ture found in sticklike antiferroelectric systerfik3]. How- Tal .
ever, since the molecular orientation distribution function \ S
follows a sinusoidal wave alorg the structure should differ \
from that of a standard S@j}, mesophase by large fluctua- 1
tions of the tilt and polarization around their average orien-
tations. One has aachiral orthorhombic symmetrynmafor FIG. 5. Theoretical phase diagrams obtained by the minimiza-
the bilayers, each layer being a glide pla@ag The incom- tion of the thermodynamic potentidt. Solid and dashed lines are
mensurate modulation® given by Eq.(20), which varies first- and second-order transition lines, respectivelys a Landau
with T, destroys the strict bilayer periodicity, and, since thePoint. T, andN designate tricritical and three-phase points, respec-

orientation of the tilt and polarization vectogsand P, is tively. 1, and b (or ll; and I,) are isostructural phases.
arbitrary in the k,y) plane, it gives rise to a long-period D. Phase diagrams

sp|ra_\l, !.e.,g anql Py roFate slightly from one layer tq ano_ther. The relevant theoretical phase diagrams associated with
Similar considerations apply to mesophase Which dif- ! . ;
the molecular systems under consideration are two dimen-

fers from mesophase Il by the orientation of the polarization . : -
P y P sional, since one can in general vary not more than two ex-

P. The existence of a longitudinal componétt makes the  {erng| variables, e.g., the temperatiirand the relative con-
structure to be ferroelectrically ordered alongAs a result  centration in a mixture of two types of molecular subunits.
the transverse twofold rotations are lost andAthe symmetry OAs the regions of stability of the full set of stable staesI|
a bilayer is lowered td®mn®;, violating thek— —k sym-  and I'=Ill") can be obtained only by varying at least three
metry. An analogous bilayer structure was predicted theoretiphenomenological coefficients, as for example «a;, andd
cally for sticklike molecules in Refl14]. The modulation (or b, or 3;), we will consider two-dimensional cuts of the
wave-vectorg %ields again a long pitch spiral rotation of the corresponding three-dimensional phase diagrams, i.e., in the
molecules which destroys the strict bilayer periodidijg.  planes &;,«;) and (@;,b;) or (a;,B1). Minimization of
4(b)]. the full thermodynamic potentiab = [(F+ F;)dz with re-

(c) Mesophases Il and Il Mesophase Il has a basic spect to the variational parameters yields the four phase dia-
ferrielectric bilayer smectic structure, with transverse polar-grams which are shown in Figs(eh—5(d).
ization P,. Each bilayer has the orthorhombig 22 chiral Figure 5a) shows the respective regions of stability of
symmetry, being formed by two concentric spirals of elliptic Mesophases |, Il, and Il in thea(,b;) or (a;.,8,) phase
basis with vectorg and I5t of opposed polarities and differ- d'a.grams’ n the_ case of an eighth-degree expan_md?hof

) . > which is the minimal degree necessary to obtain a stable

ent Igngths for two successive layers. Along the spiralstthe mesophase Ill. This mesophase is separated from me-
and P moduli vary, as shown in Fig.(2). Along z the bi-  sophases | and Il by second-order transition lines, and merge
layer order is incommensurately modulated with a constanfith the isotropic liquid phase at a four-phase “Landau”
modulation wave vectog®, given by Eq.(19), which de-  point. In order to have a direct transition to mesophase II
stroys the helical rotation;2and leads to the macroscopic from the isotropic liquid, one needs to expahgl at least up
twofold polar symmetry 2. Mesophase'lidiffers from me-  to the tenth degree. The corresponding phase diagram shown
sophase IlI by the onset of a longitudinal component of then Fig. 5b) reveals that the transitions to the mesophases |,
polarizationP;, and a long wave modulatiog’e varying  Il, and Il are, in this case, always first-ordgrs].
with T. The symmetry of a bilayer is lowered R2,, and the The regions of stability of mesophasésaind II' are ob-
macroscopic symmetry becomes triclini¢Aig. 4(c)]. tained in the planed;,a;), and represented in Figs(ch

L
oy oy Isotropic

-~ 14

7 7
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and 5d). The phase diagram of Fig(& corresponds to a and field dependent. The unprimed: primed mesophase
fourth-degree expansion d%,,, and is obtained either for switching under application of finitE, corresponds to a dis-
mesophases | and br for mesophases Il and’llOne can  continuous rotation, of angke$ = ¢5# (0,7), with respect to
verify that the primed mesophases can be reached from thgs initial position[ ¢$= 5= (0,7)] of the transverse com-
isotropic liquid only across the regions of stability of me- onent |3t of the total polarizationP. Note that above a

sophases | or Il i.e., across two second-order transitions. Ttﬁ:ﬁreshold fieldES, corresponding to the unwinding of the
phase diagram of Fig.(8) requires a least a sixth-degree z’

expansion forF, . Here phases’land II' can be reached he_lixes in phases') 1", and III', the tot_al poIar_izatiorP is _
from the isotropic liquid across a first-order transition line. ©fiénted alongz, and the molecular director is located in
Note that the primed phases separate two distinct regions G/€rage in a direction normal to z. Such configuration coin-
stability of the unprimed phases corresponding to isostrucides with a biaxial St type of phase, with the smectic
tural phases. A direct first-order transition from the liquid to Planes oriented orthogonally to the,Y) plane.

mesophase Illwould require an eighth-degree expansion of

Fy. Finally, Fig. 5e) shows the location in thea(;,a;) B. Transverse field effects
plane of phases IV and V, which result from uncoupled tilt o )
and polar waves, with respect to the phas@s 1') and 11 (or The transverse f!eIEtz(EX,EY) transforms as the irre-
). ducible representation denoté&d in Ref. [10], whose gen-
erating matrices are given in the Appendix. Using the sym-
IV. FIELD EFFECTS metry properties o6y andE; allows the construction of two

coupling invariants between the order-parameter components
In this section we analyze the physical effects producedndE,, which are

by application of an electric fiel€ to the different me-

sophases found in Sec. lll. We shall separately examine the | 11= (EZ+ED) (mumat+ % m5) ~EX(Pi—P), (24
effects induced by the application of a longitudinal fi&d
and of a transverse fielfl,= E&,+ Ee, . l12= ExEy(m17} + mam3 )~ ExEy(P5+P7). (29

A. Longitudinal field effects Note that the preceding biquadratic forms express nonlinear

When applying an electric field along tizadirection, the ~ Piezoelectric effects, due to the coupling of the transverse tilt

homogeneous free-energy  density becom@{Z:Fh and polar waves, which result from the different symmetries
L . of E; andP; .

—E,P,, whereF,, is given by Eq.5). Minimizing FE2 with et E,
respect toP, gives the equilibrium expression " Minimizing the ‘homogeneous free-energy densiy

P 29 q P =Fp—111— 11, with respect td?, andP,, yields the equation
P?( =) =X33Ez_ M ng( Pyéxsing; + Pygy sing,), of state

(22)

(Py—Py)[a;+by(P2+ P2)—b,P,P, it (ox— @)
which is the sum of induced and spontaneous contributions. YT TR 2y <

Introducing PS(E,) in FEZ and minimizing agairFEZ with + 8y( £+ £0) — S3é4Ey COS@, COSE,
;i:;{oeect to the dephasings and ¢,, yields the equations of I szgsixiy Sing, sing,— 2E,E,]
| + 61(&x COSpy— &, COS@;) + 53( P,&% cos ¢y
. 3
Pyéxsing;| 61+ 53Z + [LX35C0Sp; - Pygi COF @) — wPES( P2 sir? o1 — Pygi Sir? ¢,)
X[E;— m(Pyéx Sin@l""PygySin‘Pz)]:O, +2El2(Px+Py):O’ (26)
(23) _ : :
showing that mesophases | aiid¢orresponding to the equi-
_ I3 o librium  relationship P,= Py ,§,=§,,¢1=¢,) become un-
Pyéysingy| o1+ 53Z + 1X33C0S¢, stable under the application of a transverse fi€ltherefore,
. _ applying a transverse field switches phases | artd phases
X[Ez=u(Pyéxsing;+Pyéy sing,)]=0. I and 1" (Py#Py,&#&,), respectively. In other words
) _ the circularly polarized molecular configurations of the lay-
These equations reveal that mesophases |, I, and Ill, whicBys will be elliptically distorted, with the long axes of the

correspond to sip; =0 and cosp=*+1(i=1,2), become un-  g|lipses along the direction of the applied field. The switch-
stable_ under thg application of a longitudinal fiel‘c‘he.refore ing from phase | to phase IIl or from phasetb phase IIf
applying such field to mesophases |, I, and Il switches theyjj|| give rise to a remarkabléeld induced stratification of a
system to the stable mesophases|l’, and IlI', respec-  cholesteric structuravhich to our knowledge has not been
tively. In the “primed” mesophases, application of a longi- reported previously in liquid crystal systems. The stratifica-
tudinal field preserves the equilibrium relationships qs‘jn tion process may occur Continuous|y when increasﬁ‘lg
=singj (for mesophases land III') or sing?#0 (for me-  continuously from zero. On the other hand, applying a trans-
sophase Il), the values ofp] and ¢5 becoming temperature verse field to mesophases Il and Will have the effect of
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orienting the direction of the linearly polarized wave along
the field, i.e., to turn the molecular director and polarization
around thez direction.

V. SUMMARY AND DISCUSSION

In this paper a phenomenological description has been
made of the mesophases which may arise below a liquid
formed from achiral molecules having a transverse dipole, as
the result of a coupling between their tilt and polar orders.

Our results can be summarized as follows F
(1) Six stable mesophases have been found, which have
been denpted -1l and’+I111". I_\/Iesoph_ases -1l corre- Cay (3m) Cey (6 mm) Coov (OM)
spond to tilt and polar waves which are in phase or in phase
opposition, and were predicted theoretically in R6f. Me- FIG. 6. lllustration of the molecular symmetrieS,,C,(n

sophase | has a cholesteric biaxial structure with circularly=2,3,4,6) andC.., , with transverse polar order.
polarized tilt and polar waves. Mesophases Il and Il are

bilayer antiferroelectric and ferroelectric smectic structures&a' Piezoelectric effearising from the conjuncted existence

respectively associated with linearly and elliptically polar-©f dephased tilt and transverse polar waves. Such an effect
ized waves. Mesophases, lll”, and Il differ from their was already pointed out in chiral antiferroelectficd] and

unprimed analogs by an arbitrary dephasing between the tif@rroelec_trlc_[lB] liquid cr_ystal systems.
and polar waves, which gives rise to a spontaneous OUt_Ol_o The biaxial cholesteric nature of mesophase | was over-

plane polarization, having a nonzero longitudinal component. oked in Ref.[9], as well_as the Incommensurate modula-
pe tion of the structure of this mesophase, which destroys the
5.

(2) Phase diagrams involving the six mesophases sho eriodicity of the tilt and polar waves k). On the other

that mesophases-l1ll’ can be reached from the liquid state ‘Zn ddél thbea:;éhggs ;fsi?e{g] t?;rr?ss\/seer(i;heolaa{r]a\ln?s\yeom?ﬁ I:he
either across the regions of stability of mesophases I-1ll, vi{n ' g P ’

two second-order transitions, or directly across a first-orde wo—d|m9n3|or!al isotropial-pairing wave model of super-
transition. conductivity discussed by Gufaet al. [17]. One can note

. . : . that there is also a one-to-one correspondence between the
(3) Assuming slowly varying sinusoidal dependences Ofanisotropiod-pairing wave model examined in R¢fL7] and

the wave amplitudes,, ¢,, Py, andP,, as functions of £

the z coordinate, the structures of the six mesophases artge_approach proposed by Rey al. [8] for describing the
. . ~liquid crystal phases formed from bent shaped molecules,

found to be incommensurately modulated. The modulatio

WaVe Vectors can b ciher consa mesophases -1 (i PIoSE: 1S respec one can oad] bt
or vary with temperaturéfor mesophases +l111"). P 9 PP P P P

(4) Under application of a longitudinal electric field, me- per is equivalent in layered superconductors to an extended

sophases I-1ll become unstable, and the tilt and sponte1ne0(jé\'\/""\/e pairing model ¢+d’) in which two dephased

polarizations are switched to their configurations in the me- Fpairing wave functions are Fhe analogs of the tilt and polar
f ) : . transverse waves. The physical analogs of the spontaneous

sophases’HIl ', respectively. When applying a transverse olarization componenP, and associated second-order pi-
electric field, the cholesteric structures of the mesophasesﬂzoelec,[riC effecfare rezs ectively. 2 Spontaneous oIaFr)iza-
and I’ are elliptically deformed, and transform into the ’ P /€y, P P

. tion normal to the superconducting layers and a second-order
smectic structures of the mesophase Il and IA transverse . . . X
i i . ) . .~ magnetoelectric effec{18], previously discussed in Ref.
field also results in a reorientation of the linearly polarized

) [19].
Wa.\ll_ﬁz’ Ir:ergeejicr)nph?esseusltlsl :rned;:;" d not onlv for bent shape Let us briefly compare the experimental results which
P 9 y ; P cF1ave been reported for the structures of the mesophases
molecules of symmetr,, (mm2), but for any achiral mo-

lecular configuration displaying a transverse polar order. Fi formed from bent shaped moleculéabeledB1-B7 follow-
ure 6 showsgthe other pos{;ibglle achiral moIeF;:uIar confi. ur?e\i-ng a recent proposed nomenclatfigd]) with our theoreti-
tions having a transverspe polar order. They possess thegpolca:f?II results. Although there exists, at present, only a partial
symmetriesC(m), Co.(N=2.3.45...), andC..,. Note understanding of those structulléd, the following observa-

also that only tilted mesophases have been considered in oJﬂ(r)nS can be made.
Y P (1) A possible candidate for realizing the biaxial choles-

study. Nontilted mesophases which may arise below the lig: _ . . ;
) O . teric structuregmesophases | and)l predicted in our ap-
uid states, such as the biaxial 8nmype phase predicted proach is the so-calleB7 phasd5,21], which is found in

Itirl]:)?icl)J rr?]tl\(;gllgelsno??r%g(])’r;:-;;rz(ﬁgﬁdc\évrl;g::;gm equi- nitrosubst?tutgd compounds, and obtained by fa;t cooling
Mesophases’] I, and III' result from the coup.ling of from the liquid. No layer order was reported for this phase,
the tilt and polar wa;/es and are stabilized when the vecto\fv.hICh shows unusual texturdshich are not_com_parable
L . with the textures of the otheB mesophaseswith circular
productéX Py is nonzero, i.e., when the angle between thegomains growing like a spiral. Such domains are reminiscent
two vector waves is different than (). Hence the longitu-  f 5 cholesteric structuf@2]. The helicoidal structure of the

dinal polarization componerﬂzzéx F3t is due toa nonlin-  B7 phase contains an equal number of right-and-left-handed
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helicoidal domaing$5] that would coincide with the in-phase correspond to coexisting in-phase and opposed-phase con-
and opposed-phase configurations predicted for mesophasdfifurations for the mesophase.lI

(2) In the structure of théB6 phase, which is a tilted Mesophas@1, which appears below the isotropic phase,
smectic phase without in-plane order, the layer spacing haandB5, which is obtained on cooling tH&2 phase, seem to
been found to be smaller that the half length of the moleculepossess a two-dimensional in-plane orflg}; and therefore
[5]. This property coincides with the prediction of the inter- are out of the framework of the present study. This is also the
layer distance found for the smectic structures of mesophasease for theB3 andB4 phases, which are assumed to display

I, Nand I1’, 11", which is half the period of the transverse a crystalline type of ord€5].
waves, corresponding to a full rotation of the molecules
around thez axis. ACKNOWLEDGMENTS

(3) The B2 mesophase, which has been the most investi-
gated of theB mesophase$and has been designated as The authors are grateful to C. E. I. Carneiro for helpful
SMAb(7), SNCPA(4), SnX, [23], andM1 [24]], possesses discussions, and to Fundacde Amparo éPesquisa do Es-
a number of features which also characterize mesophases liado de Sa Paulo for financial support.
and II' in our study. Thus, it is a biaxial tilted smectic phase
having a bilayer antiferroelectric ordg8—5,25 with a typi- APPENDIX
cal antiferroelectric switching behavior, the switched state
being found to be independent of the polarity of the electric In this appendix we give the generating matrices associ-
field [26]. Regions where the texture of the switched state isated with the irreducible representati@y, E,, andE,, la-
different for the opposite sign of the applied electric field beled as in Refl10], which allow one to construct the basic
were also reported4], that may correspond to the meso- and coupling invariants used in our approach. The symmetry
scopic domains of opposed polarization into which me-operation<C,, o,,, and | denote, respectively, a rotation of
sophase Il may split. Sekinest al.[7] also suggested a heli- angleg around thez axis, a vertical plane turned by an angle
coidal structure, with helixes of both handedness, that woule with respect tax axis, and the inversion.

{C,lkz} {ovelkZ} {10}
o o [ 1]
r el(peIkZ 0 - r e2|<pe—|kz 0 -
e ivgikz e 2iegikz 0
Gk ei(pefikz e2i<peikz 1
1
0 0
S . . 0
e—|<pe|kz e—2|qoe—|kz
L 4 L J - 1 -
eikz eikz 1
Ex e ikz e ikz [1 }
ele e?le -1
E1 e ie g 2ie -1
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