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Molecular origin of ferroelectricity in induced smectic-C* liquid crystalline phases
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Based on recent experimental results, a molecular model of the ferroelectric ordering in the induced smectic-
C* phase is proposed in terms of a coupling between dipole and quadrupole ordering of chiral molecules. The
analysis of the correlations between the value and sign of the spontaneous polarization and the molecular
structure of a broad variety of chiral dopants indicates that several new experimental results cannot be ex-
plained in the framework of the existing theory of ferroelectric ordering. In particular, the realistic theory is
expected to account for the qualitative difference between the properties of the two different types of dopants
that possess a chiral center either in the flexible chains or in the rigid core, respectively. The general statistical
theory of ferroelectric ordering induced by a chiral dopant in the nonchiral sm@dtiost phase is developed
and used to obtain the expression for the spontaneous polarization in terms of the dopant molar fraction,
quadrupole order parameter, molecular chirality, and the geometrical parameters that characterize the relative
orientation of molecular electric and steric dipoles with respect to the molecular rigid core. The different kinds
of polar interactions between chiral molecules, which can be responsible for the appearance of the spontaneous
polarization, are discussed in detail. In the context of this model it is possible to explain qualitatively the
difference in properties between the two types of chiral dopants used in the experiment. The results of the
theory enable one to understand why the spontaneous polarization is sensitive to the molecular structure of the
host phase only if the dopant molecule possesses a chiral center in the rigid core. In the context of the same
model one explains also the opposite signs of the polarization induced by the same chiral dopant in the
smecticC host phases with the two different orientations of the molecular dipole. The latter result enables one
also to understand the origin of the recently observed polarization sign inversion induced by a change of
concentration of the chiral dopant. The theoretical conclusions are supported by some recent experimental data
presented in this papdiS1063-651X96)03611-2

PACS numbeps): 61.30-v, 77.80-¢

[. INTRODUCTION and the transverse dipoles are located in the flexible chains
attached to the rigid molecular co,5] (see Fig. 1, typejl
Ferroelectric ordering in smectic?* liquid crystals is ob-  The majority of induced smectic* phases investigated so
served only when the material is chiral. This property is re-far belong to this class. We note that in such ferroelectric
lated to theC,y, point symmetry of the nonchiral smectiz- phases the reduced spontaneous polarizafign P/sin®
phase, which involves the mirror plane parallel to the plangwhere® is the tilt angle of the director in the smect*
of the director tilt. In chiral smectiG* phases all mirror phasé was found to be independent on the molecular struc-
planes are absefipoint symmetryC,) and as a result it is ture of the nonchiral smectic- host phasg¢5].
possible to have the spontaneous polarization in the direction It is possible, of course, to induce ferroelectricity in the
perpendicular to the tilt planil]. smecticC phase using chiral molecules of a different struc-
The simplest ferroelectric smectict phase is formed by ture[3], and recently we have performed systematic investi-
a one-component chiral liquid crystal. On the other handgations of the ferroelectric properties of induced smectic-
chirality can be induced in the nonchiral smedicliquid  C* phases doped with chiral molecules of the new type
crystal by doping it with various chiral moleculg®,3]. This  (See type Il on Fig. 1.In these molecules both the chiral
possibility strongly enriches the family of ferroelectric liquid center and the transverse dipoles are part of the rigid core.
crystals because the chiral dopant molecules must not neceExamples of such chiral molecules are presented in Table I.
sarily be mesogenic themselves. On the other hand, the int is interesting to note that the ferroelectric properties of
duced ferroelectric smecti¢s* liquid crystals are very im-
portant materials for applications. In such mixed systems it is
much easier to combine the broad temperature range and low

viscosity of the selected nonchiral smed@icphase with the /\/\/\4 }\/W type [

large polarization induced by the selected chiral dopant. The

proper combination of these parameters is vital for the de-
velopment of the new family of displays based on ferroelec- /\/\/\L _* W type I
tric liquid crystals[3]. |

Traditionally, the chiral molecules that are used to induce
ferroelectricity in smectics liquid crystals possess a rather  FIG. 1. Schematic structure of two types of chiral dopant mol-
special structure. In these molecules both the chiral centercules used to induce ferroelectricity in sme@ighases.
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TABLE I. Molecular structure of different chiral dopants.
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qualitatively the most important experimental data.
C8BCo Cﬁl70@3\o o The model is based on the idea of the coexistence of the
\OM dipolar and quadrupolar orderi f the molecular short
OCH, polar and quadrupolar orderings of the molecular shor
axes in the smecti€* phase[9—-11. The dipolar ordering
o of the short axes results in the ordering of transverse molecu-
. HZ\O_@,O/E@O—CWHH ~lar dipoles, which gives rise to the spontaneous polarization.
w6 TN/ This type of ordering is determined by some specific inter-
actions between chiral and polar molecules, which have been
discussed in detail befofd2—-14. We note that in the mo-
lecular theory of ferroelectric ordering, presenteflia—14,
M has been assumed that there is only a small polar deviation
from the isotropic distribution of molecular orientations
"Sbout the long molecular axis. In this case the chiral and
. . > polar intermolecular interactions are responsible for the weak
is very sensitive to the molecular structure of the nonchlraEOlar anisotropy of this distribution, which determines the
host phase. Strong host phase effe(;tsP@rhave been ob- ¢ ontaneous polarization. ’
isnervaedst?grt]h 'S;ESVZ?SS: gfl\lmdﬁsglgaemecr hgﬁéiiﬁlfgf?gr;ﬁz trf: " Recently, however, it has been recognized that the polar
Iegular plar?e and in those of giffergntpstructure with an in_ordermg O-f transverse molecular Q|poles can be- §trongly
) . _ oupled with the quadrupolar ordering of biaxial rigid mo-
plane CO dipole. We note that sometimes even the sign Qhcyiar cores(i.e., with the orientation of “molecular

the polarization is different in different s.mecm:ma_trice.s. planes’) in the smecticC phase[9—11]. We note that this
One typical example of such behavior is shown in Fig. 2.

Concerning details of the molecular structure of the host
phases we refer to our earlier papg3s5,7]. ey
Very recently we have also observed the sign inversion of
the spontaneous polarization induced by a change of concen-  {, |
tration of the chiral type-ll dopan8]. We note that this
observation became possible because the new chiral dopant<
used in the experimen{8], is mesogenic itself and forms a
monotropic smecti&* phase. Thus it was possible to mea-
sure the spontaneous polarization in a broad range of con- ~3 -1
centrations of the chiral compourigdee Fig. 3. o
These challenging experimental results indicate that the
two different types of chiral dopant moleculésf. Fig. 1)
must have qualitatively different orientational properties in
nonchiral smectic€c host phases. We expect this to be deter- 0, o v 5 Y .
mined by some difference in the intermolecular interactions o
between chiral dopant and nonchiral matrix molecules. The
results can be understood only in the context of a detailed
molecular-statistical theory. In this paper we make a first step FIG. 3. PolarizationP, vs mole fractionxg of the dopant
and propose a simple model that can be used to explai@8BCé6 in the achiral host phase NCB8@8I=5 K.

these systems appear to be qualitatively quite different fro
the properties of the previously studied sme@itinduced

phases with type-l dopants. In particular, the reduced spo
taneous polarizatioR induced by the chiral type-1l dopants

nC/cm
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FIG. 4. Schematic representation of the orientation of the elec-

tric dipole u, and the steric dipolg, within a dopant molecule. FIG. 5. Models of dopant molecules demonstrating the decou-
pling of u, from the core in type-l dopants and their coupling in

nonpolar ordering of flat molecular cores is not related totyPe-!l dopants.
chirality and must exist also in the nonchiral sme@ic-
phase. In the ferroelectric smect* liquid crystals the qua- duced smecti€G* phases of the second type the ordering of
drupolar ordering of the rigid cores is responsible for thetransverse dipoles in the molecular chiral centers is strongly
flip-flop-like motion of the molecular short axes observed incoupled with the orientation of rigid cores and the spontane-
the experimenf15] and strongly influences the magnitude ous polarization strongly depends on the quadrupolar order
and the temperature variation of the spontaneous polarizatiogparameter of the core. We note that the quadrupole order
[11]. The values of the corresponding quadrupole order paparameter is determined by short-range steric and dispersion
rameter extracted from polarized Fourier transform IR specinteractions between the cores of neighbor moleculesiand
troscopy[16], from measurements of the spontaneous polarsensitive to the molecular structure of the host phase.
ization [17,18, and from the dielectric measuremehi®), In this way it is also possible to understand why the same
appear to be rather lardef the order of 0.5 or even larger chiral dopant of type Il can induce polarizations of opposite
compared to values obtained from NMR antN nuclear  signs in different nonchiral smectic-matrices. This can be
quadrupole resonance measurements. However, these dataonsequence of the opposite signs of the quadrupolar order
refer to the ordering of single atonj&0]. The strong qua- parameter of the chiral molecule in different smedic-
drupolar ordering of the molecular short axes can also bg@hases determined by the difference in the short-range inter-
responsible for the large dielectric biaxiality observed in aactions. The corresponding molecular model is discussed in
number of smectic&* liquid crystals at low frequencj19].  more detail in Sec. lll B. It is also possible that the quadru-
Recently, strong quadrupolar ordering of various moleculapolar order parameter of the pure chiral sme@icphase
fragments in the smecti€* phase has also been observedwill have the opposite sign to that of the quadrupolar order
using the method of vibrational spectroscdpg,21. parameter of the same chiral molecule in the selected non-
The influence of the quadrupolar ordering of the rigid chiral smectic€ liquid crystal. Then the sign inversion of
cores is particularly important if the transverse electric andhe polarization in the mixture of chiral and nonchiral
steric dipoles are not parallel to the main axes of the biaxiabmecticC liquid crystals can be related to the sign inversion
core, i.e., if the dipoles are tilted with respect to the flat coreof the quadrupole order parameter at some critical concen-
(see Fig. 4 In this case the polarization depends on thetration of chiral moleculegsee Fig. 3.
angle between the dipoles and the plane of the core and can This paper is arranged as follows. In Sec. Il A we derive
even vanish if the dipoles are normal to the flat cores that ara general expression for the spontaneous polarization of the
strongly ordered perpendicular to the tilt plane of theinduced smecti&©* phase using the phenomenological ex-
smecticC* phase[22]. pansion of the effective one-particle potential. This expres-
In this paper we show that the idea of coupling betweersion is then used to explain the experimental data obtained
dipolar and quadrupolar ordering can also be used to explaiwith different types of the chiral dopants. In Sec. Il B we
the qualitative difference between the ferroelectric propertiesonsider the influence of the molecular structure of the host
of smectic€* phases induced by the chiral dopants of thephase on the value and sign of the polarization and in Sec. Il
two different types | and Il. We note that in molecules of C we discuss the polarization sign inversion induced by a
both types the rigid cores are expected to possess some dgiange in the concentration of the chiral dopant. In Sec. Ill A
gree of quadrupolar order in the induced sme€icphase. we consider two different kinds of interactions between chi-
At the same time, the transverse dipoles of dopant moleculesl dopant and nonchiral host phase molecules that can be
of the type ll(located around the chiral center in the flexible responsible for ferroelectric ordering. In Sec. lll B we derive
chain are significantly decoupled from the orientation of the an equation for the quadrupole order parameter and consider
core (see Fig. 5 and thus the spontaneous polarization doeghe influence of the molecular structure of the host phase on
not depend on the quadrupole order parameter. In this cagbe sign of this parameter. This provides a basis for the un-
the spontaneous polarization is determined by the inductioderstanding of the polarization sign inversion. In the Appen-
interaction between the dipole in the chiral center and thelix we present the general molecular-statistical theory of
polarizability of the neighbor host phase molecyl&8,14.  ferroelectric ordering in the induced smec@é¢- phase and
This polarizability is not sensitive to the details of the mo-derive an expression for the one-particle effective potential
lecular structure of the host phase. By contrast, in the inthat has been introduced phenomenologically in Sec. Il A.
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lecular axes, respectivelya(b)=0 (see Fig. . Sometimes
it is convenient also to introduce the third unit vecimr
= which is parallel to the second short axis. The vedias
¢ i expressed in terms & andb: &= [ax b]

In the smecticc phase the nematic order parameter is
usually high[23] and, as in previous papd@—11], we shall
use the approximation of perfect orientational order of the
long molecular axes. In this approximati@,as=n,ng,
wheren is the director. Then Eg2) can be rewritten as

f=ai3
ie2}

/ ()= [ wbtmdtcbodh, @
mil B

where u, and u, are the two components of the transverse
FIG. 6. Orientation of a biaxial molecule within a smectic layer molecular dipole.

(for vector notation see the tgxt The distribution functiorf,<(b,&) can always be written

The results of this general theory are used in Secs. Il A and’ terms of the effective one-particle potent@|(b,c),

[l B. Finally, in Sec. IV we summarize the qualitative re-

sults of the paper. f1c(0,8)=Z texd —C4(b,&)], 4

whereZ is the normalization constant.

In the smecticA phase the spontaneous polarization is
absent and the short molecular axes are not ordered. There-
A. General results fore, in the smecti@x phaseC,(b,c)=const. Thus we are
interested only in the difference between the effective poten-
tials of the smectid and smectic=* phases. This differ-
ence is characterized by the primary order parameter of the
smecticC* phase, which can be represented in the form of a

Ps=poXp( . ), (1)  pseudovectow=[nxe](n-€) [11], whereé is the smectic
plane normal. The order parametgrspecifies both the tilt
wherep, is the average number density of molecubgs,is  angle® and the direction of the tilt in the smecti€phase.
the mole fraction of the chiral dopant molecules, gndis  The absolute value ifv| = 3sin2® and the direction of the
the transverse dipole of the dopant. The angular bracketgectorw is perpendicular to the tilt plane.
denote the ensemble average. The chiral smecti€©* phase is characterized also by two

We note that the transverse dipoles of the nonchiral masecondary order parametdrkl]: the spontaneous polariza-
trix molecules can also be ordered due to the interaction wittion Pg and the quadrupoléor the biaxiality[11]) order pa-
the chiral dopanf14]. However, at present there is no indi- rameterB,,z=(b,bs—c,Cz), which characterizes the non-
cation that this effect can be strong. For example, it wagpolar ordering of the molecular short ax@g€., the ordering
mentioned in the Introduction that the polarization inducedof the molecular plangs The quadrupole order parameter
by chiral dopant molecules of type | does not depend on th@,; is not related to molecular chirality and is nonzero also
molecular structure of the nonchiral smedBidaost phase. It in the nonchiral smecti€ phase11].
would be difficult to explain this result if the contribution In the vicinity of the second-order smec#c-smecticE
from the dipoles of the host molecules to the total polarizaphase transition all these order parameters are expected to be
tion were noticeable. It should be stressed that the nonchiramall because they are proportional to powers of the tilt
molecules of different smectiC- host phases used in the angle:w~®,P,~0, andBaB~®2 if ®2<1 [11]. Thus one
experimen{3,5—7] differ significantly in the absolute values can expand the effective one-particle potential of the
and orientations of their transverse molecular dip¢8s smecticC* phase in powers of the order parameter$s,

In Eq. (1) the spontaneous polarization of the mducedandB
smecticC* phase is determined by the average transverse

dipole of the dopant molecule C1(616)2C1A+(S'W)+(G' Pg) + (K o sW,Wp)

II. SPONTANEOUS POLARIZATION
OF THE INDUCED SMECTIC- C* PHASE

The spontaneous polarization of the sme@icphase
doped with chiral molecules is determined by the polar or-
dering of transverse molecular dipoles

+(M_gBug)+ -, 5
()= | mfactodx, @ (MasBap) ®
where only terms of orde® and ®2 have been taken into
where u, is the transverse dipole of the dopant molecule,account. Here the quantitis G, K.z, andM,; are the
f1c(x) is the one-particle distribution function of the dopant coefficients of the expansion, which are functions of the mo-
molecules in the smectiC* phase, andk specifies the ori- lecular parameters, an@;,=const is the effective one-
entation of the moleculésee Fig. 6. In general, the orienta- particle potential of the smecti&-phase.
tion of a rigid biaxial molecule is specified by the two unit ~ The tensor«,z andM,z in Eq. (5) depend only on the
vectorsa and b in the direction of the long and short mo- components of the unit vectopsandé. Now it is convenient
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to choose the orientation of the short molecular axes in suctween the various parts of the potent{aR) and particular

a way that the tensois ,; andM .z are diagonalized: intermolecular interactions is discussed in more detail in Sec.
Il
Kap=KababptKyyCalp,  Mapg=M,ubobs+MycCoCp. Substituting the effective potentigl2) into Eq. (4) and
(6) using the modified equatio(8) together with Eq.(2), one

obtains from Eq(1) the following expression for the spon-

In this frame the vectorS and G can be written as e . X
taneous polarization of the induced sme@itphase:

S=Sb+S:¢ G=Gb+G,t 7)
- A a7-1 M A TdR
Substituting Eqs(6) and (7) into Eq. (5) one obtains PS_POXDI (uxb+uy€)Zg "ex — Cy(b,c)]db, (13)
C1(b,8)=Cya+ Co+S(b- W) +S,(&-W) + G,(b- Py) where
+Gy(&-Pg) + AK[(b-w)?— (&-w)?]
+AML(b,by—CaCy)Bagl, ® Zo= f ex~ Ca(b.0)Jdb,
h ~
where and the potentiaC,(b,c) is given by Eq.(12).
o 1 . Equation(13) can be further simplified if one takes into
Cic=g (Kt Kyy)sirF20, account that the chiral part of the potential is expected to be

small. The spontaneous polarization is also relatively small
1 1 because in most cases the polarization per molecule corre-
AK= E(KX"_ Kyy), AM= E(MXX_ Myy). 9 sponds to a small fraction of the total molecular dipd8].
Then one can expand the exponent in E) in powers of
the polar part of the potentidll2) and retain the first term,

In the equilibrium state the quadrupole order parameter i i e
which determines the spontaneous polarization. As a result,

Bos=B(l .l g—m,mp), (10)  one obtains
with - . A A
A . PSWPOXDJ (pxb+ pyC)fo(b,c)db
B=((b-m)?—(¢-m)?), (11
- 1 1
where| and m are the two unit vectors in the smecfi- =- EpoXD[(S' Ml)+(SxMx—Syuy)B]W—§pOXD
plane(see Fig. 6 m=w/w andlL m. With the help of Eq.
(10) the effective potential8) is finally written as X[(G- p )+ (Gyux—Gyuy)B]Ps, (19
Cy(b,&)= +SX(B'W)+Sy(6'W)+Gx(6' Ps) where the quadrupole order parameter

+Gy(&- Pg) + AK[(b- )%~ (&-w)?] ) o
~ = . T 2— A. )2 C
+AMB[(b- )2~ (&-m)2]. (12) 8 f[(b )= (& m)Jfo(b,c)db, 19

_ The first two terms in the effective potentidl2) are sen- g f(b,¢) is the one-particle distribution function of the
sitive to the chirality of the dopant molecules. We note thategrresponding nonpolar system

the scalar productsb(w) and €-w) change sign under

space inversion because the polar vecloesidc do change ~ 1 - ~

sign under inversion while the pseudovectodoes not. At fo(b,0)= Z—eXp{AK[(b'W)Z—(C'W)Z]

the same time the energy must be invariant under space in- 0

version, and therefore we conclude that the coupling con- +2AMB[(6.ﬁ1)2_(@. rﬁ)2]}_ (16)

stantsS, andS, must also change sign. The constatsind
S, are expected to be proportional to the molecular chiralityrrom Eq.(14) one readily obtains the final expression for the
because they also change sign if all chiral molecules argpontaneous polarizatiddy:
replaced by their enantiomers.

By contrast, the third and the fourth terms in the potential
(12) are nonchiral and are determined by dipole-dipole inter-P = — EpOXDXO[(S- M)+ (Squx— Symy)Blsin20, (17
molecular interactions. The last four terms in Ef2) are
nonchiral and nonpolar and determine the quadrupolar order- o )
ing of the molecular short axes. The termWhere S p,)=Squ+Syuy and the susceptibilityy, is
AK[ (b-w)2— (&-w)?] characterizes the nonpolar interaction Witen as
of the molecular short axes with the tilt of the director. The 1 .
last term in Eqg.(12) is determined by some quadrupole- = _

. : . . =1+ )+ - :

qguadrupole-type intermolecular interactions. The relation beX© 1 ZPOXD[(G #)F (Gupr— Gypty)B] (18)
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B. Influence of the molecular structure of the host phase B=((6’ . m)z_(ef . rﬁ)2> in Eq. (19). Here the reduced po-

Equation(17) for the spontaneous polarization has beenlarization does not depend on the biaxiality order parameter
derived in the preceding subsection using only the generalf the core. On the other hand, for dopant molecules of type
properties of the induced ferroelectric smed@itphase. We | we do not expect any significant quadrupole ordering of the
did not refer to any specific molecular model. We note thatchiral center itself. Thus the spontaneous polarization in-
the polarization depends on the biaxiality order parametedluced by a chiral dopant of type | is determined by the first
B and on the quantitieS andG, which represent some vec- term in square brackets in E(L9). The reduced polarization
tor properties of the chiral molecules. It will be shown in can be written approximately as
Sec. lll that in the context of our molecular model the quan- L
tity Sis proportional to the molecular transverse steric dipole _

s, S=J,s, where the coupling constady, is determined by Po=~2poXoXo(S 1.). (20
chiral intermolecular interactions. Here the transverse steric

dipole s characterizes the polar deviation from the “cylindri- In Eq. (20) only the vectorS can depend on the parameters
cal” molecular shape. The concept of steric dipole has beenf the nonchiral host molecules. However, it will be shown
introduced by Petrov and Derzhang®4] and used in the in Sec. Ill that the predominant contribution ®depends
molecular theory of nematic and smectic liquid crystalsmainly on the average polarizability of the nonchiral host
[25,14). The quantityG is determined by the dipole-dipole molecules, which does not differ much for the host phases
interaction potential and is proportional to the transversaised in the experimef8]. Thus we arrive at the conclusion
electric dipoleu, of the dopant molecule. that the reduced polarization induced by the chiral dopant

Using these approximate relations, we can finally write amolecules of type | can only weakly depend on the param-
simple expression for the reduced polarizationeters of the nonchiral smect€-host phase. This conclusion
Po=P/sin®: is in accordance with our experimental data discussed in the
Introduction.

It should be noted, however, that these results strictly ap-
ply only to chiral dopant molecules that possess a simple
chiral center in the flexible chaifi.e., one chiral carbon, for
example. Such a chiral dopant molecule is presented as type
| in Fig. 1. As an example, the dopaA9 [4] is given in
Table I. The majority of the existing dopant molecules are of
this type[13]. There are, however, chiral dopants in which
Hle chiral center is located in the flexible chain but is a part
of some small flat fragmenit26,27]. In this case the flat
fragment can also possess some quadrupolar ordering in the
smecticC* phase. As a result, the spontaneous polarization
will depend on the corresponding quadrupole order param-
eter and therefore will depend on the molecular structure of
the nonchiral host phase. This conclusion is supported by our
(r)?cent experimental data on oxirane derivati{28, which

1
Po=— 5 poXoxol (S u )+ (Sxsx—Symy)B]. (19)

Let us now use Eq19) to explain the difference between the
properties of the chiral dopants of the type | and typésée
Fig. 1 and Table)l First we note that the quadrupole order
parameteB in Eq. (19) strongly depends on the molecular
structure of the nonchiral host phase. Indeed, according t
Eq. (15), the parameteB is determined by short-range
(mainly steric and dispersigrinteractions between the rigid
cores of the guest angeighboy host molecules. In particu-
lar, the value oB is very sensitive to the coupling constant
AM in Eq. (16) [11]. Therefore, in the general case the re-
duced spontaneous polarization of the induced smeéxtic-

phase is expected to be sensitive to the molecular structure Ol ssess two neighbor chiral carbons in the flexible chain,

the nonchiral host phase. bonded with the same oxygen atom in an epoxy ring. An
We note, however, that EGL9) is valid only if the chiral S - Y9 POXy Ting.
example is given in Table (dopant W46.

dopant molecules are assumed to be rigid. This assumptiori
can be justified for dopant molecules of type II, which con- o _ o
tain the chiral center and the transverse dipole in the rigid C. Sign inversion of the spontaneous polarization

core. In this case the spontaneous polarization is determined Equation(19) can also be used to explain why the same
by the chiral and polar interactions between the rigid cores ofhiral dopant of type Il can induce polarizations of opposite
guest and host molecules. Then the ordering of transversggns in different nonchiral smectie-host phases, as ob-
molecular dipoles is strongly coupled with the quadrupolarserved in experiments. We propose that this is related to the
ordering of flat rigid cores. In this case the dependence of thejgn reversal of the quadrupole order paramd&eof the
reduced polarization on the biaxiality order param@&earan  chiral molecules.
be responsible for the dependence of the reduced polarization \ye note that from symmetry reasons the average orienta-
on the molecular structure of the nonchiral host phase, whichon of the flat molecular core in the smecticphase can be
has been observed in the experimefs]. either parallel or perpendicular to the tilt plane. However,
At the same time, in the chiral dopant molecules of type Irecently, Stegemeyer and Stockel obtained some indications
the chiral center is located in the flexible chain and usuallfrom FTIP data that the benzene ring of the chiral molecule
possesses significant rotational freedom with respect to thgy type ) is oriented parallel to the tilt plarfd6,28. Let us
rigid core (see Fig. 3. In this case the short molecular axes yhen take the short molecular axisto be perpendicular to
b andc, which determine the orientation of the transversethe core. Then one can readily see from the definition of the
dipole u, = u,b+uyC, are practically decoupled from the quadrupole order paramet& [see Eq.(15)] that positive
short axesb’ and ¢’, which specify the orientation of the values of B correspond to the case when the equilibrium
rigid core and determine the quadrupole order parameteasrientation of the flat core is parallel to the tilt plane. Nega-
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tive values ofB correspond to an average orientation of the .
core perpendicular to the tilt plane. The equilibrium orienta- | L
tion of the guest molecule is determined by the short-range : S

interaction between the rigid cores of the guest and host mol-
ecules. These interactions are discussed in more detail in
Sec. lll B. Here we stress that both the steric repulsion be-
tween flat cores and the dispersion interaction between po-
larizable rings promote parallel orientation of the cores of the
neighbor molecules. Thus the rigid core of a chiral guest u;

) K L
molecule is normally expected to be parallel to the cores of + ;
the nonchiral host molecules.
On the other hand, the width to breadth ratie., the | 5

“flatness™) of the typical rigid core is rather smdless than b)
2). In this case the equilibrium orientation can be changed by

some strong specific intermolecular interaction of the oppo-

site sign. In our systems the molecules of several smectic- FIG. 7. Four possible relative orientations of the electyic X
C host phases possess the strongly polar CN group that @1d the steric dipole() within a dopant molecule.
perpendicular to the cyclohexane ririgee the molecular
structure in Ref[6]. It will be shown in Sec. Ill B that the

a)

ecules, while in the nonchiral smectiz-host phasgwhen

dipole-dipole induction interaction between this dipole andXD<1) the dopant molecyle Is interacting only with the mol-
ecules of the host material. In this case the spontaneous po-

the polarizable core of the guest molecule can promote thr?arization can also have opposite sianssat<1 and at
perpendicular orientation of the core with respect to the cores™ — 1 and will vanish at sonﬁ)g critical %o a)%)tt concentration
of the nonchiral host molecules. At the same time we havé((f)J P

used also host smecte- phases composed of molecules XD If_s cilbserved In tf;}e expenrgg[r&]. E4.9) th
with the C=0 dipole, which is approximatelgarallel to the inally, we note that, according to E(L9), the spontane-

rigid core[6] (see Fig. 10 In the latter case the core of the ous polarization can change sign when the orientation of the

guest molecule is expected to be parallel to the cores of thifansverse electric dipolgy, or the steric dipoles, is re-
neighboring host molecules. ver_sed with respect to the rest of the moleculgr structure.
Thus we arrive at the conclusion that the rigid core of theTh'S result can be used to explain why the two similar chiral

chiral guest molecule can have different equilibrium orienta-dOpants AS161 and AS15fthe molecular structure of

tions in different smecti€ host phases. These different ori- AS161 is given in Table)linduce polarizations of opposite

entations correspond to opposite signs of the quadrupole ofi9NS i the same nonchiral smedGichost phases as shown

der parameteB in Eq. (19). As a result, the spontaneous In Fig. 8(7]. . .
polarization can change sign if one host phase composed of In the dopan_t.A5161 the trar)sverseco d|polle.|s located
molecules with in-plane dipoles is substituted for a different'n the 11th position of 'the steroid s!<e|eton po'f‘“”g gbove the
smectic€ matrix, composed of molecules that possess Iarg(QOre plane, whereas in AS157, with the=O dipole in the
dipoles perpendicular to the flat core. This qualitative con-

clusion is generally supported by our experimental dé&ia 20

We note that, according to Eq19), the possibility of
observing the sign inversion of the spontaneous polarization
caused by the sign reversal of the param&edepends on 0
the relative orientation of the electric and steric molecular
dipoles. The quadrupole order paramdiezan vary between
the values oB= +1 and—1[see Eq(16)]. For the limiting
value B=1 we obtain P§") = — poXpxoJoScux, and for
B=—1 we obtainP§ )= — poXpxoJoSysy - Thus the actual
sign of the raticP§")/P§ ) =s,u,/s,u, is determined by the
angle between the transverse steric dipgleand the trans-
verse electric dipoleu, . It is possible to distinguish four
different cases, which are presented in Fig. 7.

Now we are in a position to interpret the sign inversion of 60 —
the spontaneous polarization caused by a change in the con-
centration of chiral dopant molecules in the induced smectic- 0
C* phase[8]. This inversion can also be related to the op- -80 I '
posite signs of the quadrupole order paramBtef the dop- 0 01 0z 0s
ant molecules in the corresponding pure smeCticphase Xe
and in the nonchiral smectic-host phase. The different ori-
entations of the guest molecule in these two systems are FIG. 8. PolarizatiorP, vs mole fractionxg of the steroid ke-
determined by the fact that in the pure sme@itphase a tones AS157 and AS16{see Table )l as dopants in the host
chiral dopant molecule is surrounded by the same chiral moINCB84. AT=5K.

@ :AS161/NCB 84
O :AS157/NCB 84

_20 —

_40 —

P, (nC/cm?)
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molecules, while the coefficiel8® represents a contribution
from the dopant-dopant interaction. At small dopant concen-
tration xp<1 the first termxyS¥ is predominant and the
spontaneous polarization is determined by the interaction be-
tween a chiral dopant molecule and the neighbor molecules
of the nonchiral smecti€ host phase.

In the general case the vect8rdepends on the corre-
sponding intermolecular interactions and can be expressed in
terms of some moments of the direct correlation functions

12 Cwup(1,2) andCpp(1,2) between dopant and host phase
/\/\/\Nﬁ\o \ 0 moleculedsee Eqs(A7), (A8), and(A14) for more detail
W/ The general expansion of the corresponding correlation func-
tions is given by Eq.(A8) of the Appendix. Taking into
account that different terms in expansioh8) are orthogo-
FIG. 9. Molecular skeletons of steroid ketones used as type-lhal, one obtains
dopants bearing a €0 dipole in the 11th position of the core
(AS467, below the core planher in the 12th position(AS453, Du A~ A ~ .
above the planeand an epoxy ring located in plaiiaS478. The = 12f Cpalb1,b2,C1,Co,U10) (by-[NXUL,])
polarization valuegin nC/cmz) are AS467,+109; AS478,—30;
and AS453,—71 (host NCB808.

X (- (1,)db;db,dliy,,

12th position, it points in the direction below the plane. This
situation is illustrated in Fig. 9 for quite similar steroid skel-
etons with the GO dipole in the 11th and 12th positions,
respectively. These skeletons obtained by molecular model-
ing demonstrate that the molecular structure is practically the
same, except for the orientation of the=O dipole with  wherel;,=r;,/r,.

respect to the core plane. In addition, in Fig. 9 we present the Equation(22) enables one to determine the quant8y
epoxy derivative(AS478 with the transverse dipole origi- using some approximations for the direct correlation func-
nating from a three-membered oxirane ring oriented nearlyions and some model for a chiral and polar molecule of the
completely within the core plane. As expected, the value obmecticC* liquid crystal. However, before discussing these
the polarizatiorPy is in between the values for the 11th and models, it is reasonable to consider some qualitative proper-
12th derivativeqsee the caption for Fig.)929]. ties of the quantityS.

We note that the different orientations of the=O di- We note that in principle there are two possibilities to
poles in the molecules AS161 and AS157 does have a strongompose the pseudovectBrusing characteristic molecular
effect on the transverse steric dipole, which is an integraparameters. The first possibility is to expré&sas
parameter of the molecular shape. Thus the reversal of this
C=0 dipole (with the transverse steric dipole remaining S=g4, (23
practically the samecan change the sign of the polarization
according to Eq(19).

J)I/Da:lzj CDa(61,62,61,62=012)

X (& -[AX Uy]) (A~ Uy db,dbydly,,  (22)

wheres, is some polar vector, which characterizes the mo-
lecular propertiesfor example,s, can be the molecular per-
manent electric or steric dipglandA is a pseudoscalar that
characterizes the molecular chirality.

In this case the pseudovect8rdirectly represents mo-
lecular chirality and therefore is determined by chiral inter-
molecular interactions. The corresponding chiral interac-

The spontaneous polarization of the induced smegtic- tions, which can be responsible for the ferroelectric ordering,
phase is given by the general equati@f. We note that the have been discussed in detail [h2—14. The molecular
polarization is mainly determined by the quantpecause Model used i{13,14 is based on the observation that the
the polarization vanishes wh&0. Thus the quantitgis  large spontaneous polarization is found in sme€rcliquid
supposed to represent the specific interactions between pol@fystals composed of molecules with large dipoles in the
and chiral molecules that are responsible for the ferroelectri€hiral center. In this case the spontaneous polarization is
ordering. mainly determined by the induction interaction between the

The general expression for the vec®is derived in Ap-  dipole in the chiral center and the polarizability of a neigh-
pendix. According to Eq(A13) the vectorSis a sum of two boring molecule. This attraction interaction is modulated by

terms proportional to the molar fractions of dopant and hosth€ short-range steric repulsion between molecules of asym-
phase molecules, respectively, metric shape. In the context of this model the spontaneous

polarization can be expressed[48,14

Ill. MOLECULAR THEORY
OF FERROELECTRIC ORDERING
IN MIXED SMECTIC- C* PHASES

A. Interaction between polar and chiral molecules

S=xuSM+xpS°. (21) o
_ , N , Ps=(p.-S)(n-e)[nXe], (24)
In this expression the coefficie®” [see Eq.(A14)] is de-
termined by the interaction between dopant and host phasehere
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S~s5Jo (25)  where|o;) and|n;) represent the ground state and the ex-
cited state of the host phase molecule j, respectively,
and Ep;—EJ; is the excitation energy of the molecule j, and c.c.
stands for complex conjugate. The dipole-dipole interaction
Jo=koAxmA, ko=—(225/4(p?/kT)(D/L)E. potential Ugq(i,j) and the dipole-quadrupole potential

Ugq(i,j) can be written as
Here g is the transverse steric dipole that characterizes the
polar deviation from the uniaxial molecular shape ants a ~ Ugd(i,)) = iaPjsTap(rij)s  Udq(iJ) =QiagPjyTapy(rij):
measure of molecular chirality in the context of this model (29

A=(p-3)[ puxa]-o, (26) ~ Where

where u is the dipole moment of the chiral centérjs the
molecular long axes, and is the vector pointing from the
molecular center of mass to the chiral center. One can readily
see that the pseudoscalar parametepossesses opposite
signs for left-handed and right-handed enantiomeric mol-
ecules because the prod{igtx a]- o changes sign under the (30
simultaneous transformatign— — u,a— —a, ando— —o.
Equations(24)—(26) have also been used in the descrip-and p; is the induced dipole of the host phase molecule
tion of the ferroelectric properties of the induced smectic-u=R/R.
C* phase at small dopant molar fractiph3,30. In this case Equation(28) can be rewritten in the form
the electric dipoleu, the steric dipoles;, and the chirality
parameterA are the parameters of the chiral dopant mol-
ecules. The only parameter that corresponds to nonchiral
molecules of the host phase is the polarizability anisotropy
Axw - Thus, in this case the dependence of the spontaneowghere
polarization on the parameters of the sme@ibost phase is
not expected to be strong. However, in the context of this
model there still must be some dependence because the po-
larizability anisotropy is rather sensitive to the global struc-
ture of a mesogenic moleculér example, it must be sen- is the polarizability of the host phase molecule. The pre-
sitive to the number of aromatic ringsHowever, we shall dominant contribution to the induction interacti(81) is one
see below that there exists another contribution to the sponthat involves the average polarizabilb‘()P=TrXBB Then the
taneous polarization that has not been consider¢tidn 14. main contribution to the potenti&B1) reads
This contribution is even less sensitive to the molecular
structure of the smecti€ host phase and can be the pre- — 1,
dominant one under favorable conditions. Vag(h D) =5 X" Tap(Tip tiaT pys(Tij) Qiys- (33
The new contribution to the spontaneous polarization is
related to the second possible structure of the pseudovectgyith the help of Eq.(30) the productT, 5T 5,5 Can be ex-
S. We note thatS can also be a cross product of any two pressed as
polar vectors that characterize the molecular structure. For

1
Taﬁ(r): ﬁ(éaﬁ_3uauﬁ)a

Taﬁy(r): ﬁ(séaﬁuy'i" 36ayUB+35B7_5uauBuy),

1
qusz,ByT,ua(rij)lu'iaTvytsz(S! (31)

X =22 (Eoj=En) " Ipil.lpjl, (32
J

example, one of these vectors can be in the direction of the 1

molecular long axig while the second polar vector could be Tap(R)Tpys(R)=557[38,aUst 3050Uy

the molecular transverse electric or steric dipole. Then the

pseudovecto6 could be expressed as —26,5U,—5Ug,s]-
Sx([sxal(s-d)), (270 Finally, the induction interaction between the permanent di-

pole and the quadrupole of the dopant molecule and the av-
where we have taken into account tf&imust be even in €rage polarizability of the host phase molecule can be written
a as
In order to study this possibility in more detail, let us 1
consider the simple induction interaction between the perma;,” . .\ _ p_ = O TN Bl VLA
nent dipoleu and the permanent quadrupo®,; of the av_dq("J)_X ar7 L6 Qi) =5(p-W)(U-Qi- W] (349
chiral dopant molecule on the one hand and the polarizability
Xap Of the host phase molecule on the other: We note that the induction interactid®4) itself does not
contribute to the free energy of the homogeneous smectic-
. M eM.o1 . C* liquid crystal because it is odd in and therefore van-
qu("l):; (Egj—Enp)(0j|Ugq(i,j)[n;){nj[Uqdl0;) ishes after integration over;. However, the contribution
! becomes nonzero if one takes into account the polar devia-
+c.c., (28  tion from the “cylindrical” molecular shape that is charac-
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terized by the steric dipols, . The same argument has al- fise to the spontaneous polarization. Thus one has to single

ready been used {12,14 in the derivation of Eqs(24) and  out the corresponding contribution from E€g8). Then it

(25). will readily be possible to derive an explicit expression for
The short-range repulsion between asymmetric moleculeie vectorS, which is used in expressior49) and (20) for

can be taken into account by using the generalized mearihe spontaneous polarization. A possible way to do this is to

field approximation for the direct correlation function define a vectop, parallel to the spontaneous polarization:

1 — . .
Cali)) =~ e — BVli.1) V(i) (39) p=f db i, ACy(b,0), (39

where the potentiaVyq(i,j) is given by Eq.(33) and  For symmetry reasorisee the derivation of Eq14) in Sec.
Vg(i,j) is the energy of steric repulsion. The function Il] the vectorp must have the form

exd —BVs(i,j)] can be rewritten in the form of a step func-

tion Q(rj; — &), where¢;; is the minimum distance of ap- NN

proach for the two molecules and j. The function p=§(8-pl)(n-e)[n><e], (40
Q(rij—&;)=0 when the molecules penetrate each other

(Le., rij<<§;;) and Q(rj;—§;)=1 otherwise. Substituting ang thus the vectoB can be obtained from the explicit ex-
Eq. (34) into Eq.(35) and then into the general equatiGht) ~ pression forp. We note that not all terms in E¢38) con-
and(A7) we obtain, in the case of the perfect nematic order+ripyte to the spontaneous polarization. For example, the

ing, the following contribution to the effective one-particle gy (s- w) (& Q- &) does not depend on the orientation of the

potential: short molecular axes if the tens@,; is uniaxial.
1 Substituting Eq(38) into Eq.(39) and assuming for sim-
Cy(b,0)=— _(1_U)j di; £748((G;-©)2—1) plicity that the molecular quadrupole tendgQy,; is uniaxial
! PoakT He ! (i.e., Qup=Qla,az—(1/3)8,5]) one obtains
X[6(mi- Q- Uij) —5(pi- U;j) (Uyj - Q- Uyj) ] Mo
P=39P0 )T D5 QUL [sxal(u-ajw;. (41

1 ~ A ~ — ~
+POMUJ di; o (- ©) T “[6(mi- Qi+ )
NN N From Eqgs.(40) and(41) one obtains the final expression for

5 Uiy (Ui~ Qi- i) ] (36)  the parameter-s) in Egs.(19) and(20) for the spontane-

. ous polarization
where we have taken the integral ovey. P

In general the functiorg;; depends on the orientation of 7 oM
the short molecular axes of the two molecules. For the mol- (9= — %Q(M [[sxa])(u-a). (42
ecules with parallel long axes one can approximately write 144 kTd

§ij~D+(S'Gij)+(Sj-l]ij)+ - (37  We note that the quantityy, - s) is indeed propprtional to
the pseudoscalar paramet®g=(u, -[sXa])(u-a), which
wheres ands; are the transverse steric dipoles of the mol-is a measure of molecular chirality in the context of this
eculesi andj, respectively. simple model. In this case the molecular chirality is charac-
In the description of the ferroelectric properties of theterized by three noncoplanar vectors: the steric digplthe
smecticC* phase one can, in a first approximation, neglectelectric dipoleu, and the long molecular ax& The chiral-
the interaction between the molecules in neighboring smectiity parameterd ; is nonzero when these three vectors are not
layers because the corresponding intermolecular interactioparallel to the same plane. It should also be noted that the
is much weaker than the interaction between neighboringseudoscalad, differs from A given by Eq.(23) and (26)
molecules that belong to the same smectic layer. Substitutingecause it is based on a different molecular model.
Eg. (37) into Eg. (36) and neglecting the first term in Eqg. If the chiral center of the dopant molecule is in the flex-

(36), one obtains, after integration ovey , ible chain, the orientation of the molecular hard core is prac-
H tically decoupled from that of the chiral center. As discussed
S A Pox O AV e . A ol A in Sec. Il, in this case the spontaneous polarization is deter-
Cu(b,O~ o5 1w 8)(s Q&)= 2(s € mined by the first term in Eq(19):
+5(s ) (e Q-8)—15s &) (pm- &) (e Q-)]. P~ poXpXol p- 9)SiN20. (43
(38)

In the general case the quantitg{s) is a sum of the two
Equation(38) represents a contribution from the dipole different contributions given by Eq$24) and (25) and Eq.
and quadrupole induction interaction to the effective one{41), respectively. These contributions are determined by dif-
particle potential of the smectiC* phase. On the other ferent intermolecular interactions. However, in the case of
hand, the general expansion of the one-particle potentidhrge molecular quadrupole® the contribution(41) is pre-
C.(b,C) is given by Eq.(5). At this stage we are interested dominant and the spontaneous polarization can approxi-
only in the second termS: w) in expansion5), which gives  mately be expressed as
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1 :
PS%EPCZ’XDKAOXHS'nZ& (44 @/\ host 1
where k= (7/144)(@Qxo /KT D). KL
We note that in this case the spontaneous polarization is
approximately proportional to the average polarizabijty -

of the host phase molecule. This polarizability is related to L
the average refractive index of the host phase, which does host 2
not significantly depend on the molecular structure of the

nonchiral smecti€z phase. Thus the spontaneous polariza-

tion, induced by chiral dopant molecules of typésee Fig. FIG. 10. Schematic structures of different host phase molecules

1), is not expected to depend significantly on the moleculagpoying the transverse dipoge in the core plange.g., host 8007
structure of the host phase. This conclusion is in agreemeny; perpendicular to the core plate.g., NCBS0S.

with our experimental datg8,5,6).
possessing large transverse dipoles that are approximately
B. Sign inversion of the quadrupole order parameter perpendicular to the plane of the rirtg.g., CCN host com-
of a dopant molecule in the smectic=* phase poundS W|th a CN deOle perpendicular to the Cyclohexane
ring). At the same time, in other host smec@icphases the

. e . Tolecules bear the transverse dipoles approximately parallel
sion for the spontaneous polarization induced by chiral dop;, 0 plane of the ringée.g., host compound 8007 with the

ant.molecul_es of ty_pe | that possess a chiral cer_1ter in thfen-plane G=0 dipolg. This situation is shown in Fig. 10.
flexible chain. In this case the spontaneous polarizaign From Fig. 2 one can readily see that opposite signs of the

appears to be practically independent on the molecular SUUGAuced polarization are observed for host phases that differ

ture of the smecti€ host phase. By contrast, the spontane-gjqiticantly in the orientation of the dipole with respect to

ous polar|.z_at|0n induced by dopant molecules of type Il 'Sthe flat core. The importance of the dipole orientation within
very sensitive to the molecular parameters of the host phase 5.4 core structure can be understood in the following
because it depends on the quadrupole order paramBgtef simple way.
the dopant molecule in the host phagsee the second term | ot ;5 consider the induction interaction between the per-
in Eq. (19)]. In the general case the parameBy is deter- et dipoleu™ of the host phase molecule and the polar-
mined by the sum of all intermolecular interactions with qua’izability of the neighbor dopant molecule. The corresponding
drupolar symmetry. Thus one expects that the para_met,e{'ﬁteraction potential can be written as
Bp must depend, for example, on the shape and polarizabil-
ity anisotropy of the hard core of the host phase molecule. Ving(i vj):MgTaﬁ(rij)XByTyﬁ(rij)Mlga (45)
This conclusion enables one to understand qualitatively the
host phase dependence of the spontaneous polarization obhereT,; is given by Eq.(30) andxgy is the polarizability
served in Refs[2,6]. of the dopant molecule. The tensgy, can be represented as
It should be noted that one and the same chiral dopant of sum of its irreducible components
type Il can induce polarizations of opposite signs in different
smecticC host phaseésee Fig. 2 This result is more diffi- XBE=}D5QB+ AXD(aaﬁ— %5a5)+Axf(babg—CaCﬁ)-
cult to explain in the context of the present theory. Indeed, (46)
the first term in Eq.(19) for the spontaneous polarization
practically does not depend on the parameters of the smectitherex® is the average polarizabilityy x° is the anisotropy
C host phase. The second term can depend on the host phadfethe polarizability, and\ x? is the anisotropy of the trans-
only via the quadrupole order parameBas. Thus the only  verse polarizability of the dopant.
possibility to explain the host phase dependence of the po- In this section we consider the interaction potential be-
larization sign is to assume that the quadrupole order paraniween two molecules with parallel long axes. In this case one
eter of the dopant molecule can have opposite signs in difhas to take into account only the last term in E46) be-
ferent host phases. cause this is the only one that depends on the orientation of
This possibility seems to be in contradiction with naive the short molecular axeés andc. Now we discuss the influ-
expectations because, from the close-packing point of viewence of the interactiori45) on the value and sign of the
flat cores of dopant and host phase molecules are expecteddaadrupole order parameter of the dopant moledsig
be parallel. In this case the sign of the param&grmust  given by
always coincide with that of the quadrupole order parameter
By of the host phase. Nevertheless, we are going to show
that in some cases the flat core of a dopant molecule can be
oriented perpendicularly to the core of the neighbor host ~
phase molecule due to strong dipole-induced dipole interacahere f5(b,C) is the distribution function of the dopant in
tion between the transverse dipole of the host phase molecutee smecticc* phase.
and the polarizability of the dopant molecule hard core. By contrast to the spontaneous polarization, the quadru-
We note that some of the smectichost phases used in pole order parameter does not vanish in the nochiral smectic-
[3] (see Table 2 of Ref[3]) are composed of molecules C phase. Thus, in the first approximation one can neglect the

BD=f db[(b- M)~ (& M)2fp(h,),  (47)
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relatively weak chiral part of the total interaction in E¢$)  the transverse dipole that is perpendicular to the core and
and(12) for the distribution functiorf,, . Then the function u, is the corresponding component that is parallel to the
fp can be expressed gsee Eqs(4), (12), and Eq.(A13)] core.

In the experiments described in RET), some host phases
possessed the strongly polar CN group that is approximately
perpendicular to the flat harzd cogeee Fig. 1D In this case
~ o ux>uy and the quantity gy — uy) is positive. It follows
X[(b-m)?=(&-m)?]}, (489 then from Egs(50) and(52) that the sign of the quadrupole

order parameteBp is opposite that of the order parameter
By . This means that the flat core of the dopant molecules is
AK=xpKP+xKH, AM=xpAMPBy+x,AM"B,,. oriented perpendicularly to the flat cores of neighboring host_
(49) phfase molecules. This result can readily be understood quali-
tatively. Indeed, the flat core of the dopant molecule is sup-

We note that in the general case the distribution functiorposed to be more polarizable in the direction parallel to the
of the dopant depends on the molar fractions of the dopartore. Then the core of the dopant molecule has a tendency to
and host phase moleculgg andx,; and on the correspond- be parallel to the transverse dipole of the neighbor host phase
ing quadrupole order paramete®s, and B,,. However, at molecule. This dipole is perpendicular to the plane of the
small dopant molar fractiorRp<<1 one can neglect the cor- host phase molecule hard core and, as a result, the hard core
responding contributions in Eq$49). At small tilt angles of the dopant molecule is also oriented perpendicular to
®<1 itis also possible to neglect the tetKsin20 in Eq.  those of the neighboring host phase molecules.

(48). Then one obtains the following simplified equation for By contrast, for host phase molecules with large in-plane
the quadrupole order parameter of the dopant molecule: dipoles (see Fig. 1D one findsu,>u, and therefore the
corresponding factor is negative. In this case the sign of the

_ 1 H quadrupole order paramet&; coincides with that of the
Bp~ Z_OJ cos2p exp(— BxyAMTBycoszp)dcosy,  (50) parameteB,, and hence the flat core of the dopant molecule

R is oriented parallel to the flat cores of the neighboring host
where cog=(b-m). According to Eq.(50), at small dopant phase molecules. These qualitative results, obtained in the
concentration and small tilt angles the dopant quadrupol&amework of a simple molecular model, enable one to ex-
order parameter is determined by the quadrupole order palain the experimental results of R¢T].
rameterB,, of the host phase and by the coupling constant Finally, we consider the case when the molar fraction of
AMM, which is related to the corresponding interactions bethe dopant is not small. This corresponds to our recent mea-
tween dopant and host phase molecules. We note also thairements of the spontaneous polarization in a broad range
the sign of the paramet@;, is reversed if the coupling con- of concentrations of the chiral mesogenic compo{id In
stantAM" changes sign. this system the sign inversion of the polarization has been

Now we are in a position to consider the influence of theobserved at relatively large dopant molar fracti~0.5
induction interactior{45) on the sign of the quadrupole order (see Fig. 3. We note that Eqs(48) and (49) for the distri-
parameteBp, . For this purpose we calculate the contribution bution function of the dopant molecules are valid for arbi-
from the interaction(44) to the coupling constamiMt us-  trary concentration of the chiral dopant. Then, at small tilt
ing the mean-field approximation for the direct correlationangles®?<1 the quadrupole order parameter of the dopant
function Cyp(1,2). Substituting the last term of E@L6) for ~ can be expressed as
the polarizabilityXBB into Eq.(45) for the induction interac-

~ .1
fp(b,c)= Z—Oexp[—,B(AKsin2®+AM)

where

tion potential and then substituting E@5) into the general :iJ' _ i H
Egs.(A6) and (A7), one obtains after integration ovef Bo Zy Cosay ex kT(XHAM B
- H
6Cp(cos2y)~x,AM "By cos2y, (52) +XpAMPBp)cos2y|dcosy. (53

where

1 Here the coupling constamtM" is determined by the
AMH:gPoUAXE(M?(—Mi)- (52)  interaction betwge_n dopant_ and host phase m(_)lecules, while
the constanAM " is determined by the interaction between

. . two dopant molecules. At small dopant molar fraction the
One can readily see from E(G0) that the coupling constant quadrupole order paramet&, is determined only by the

AM" can have different signs depending on the orientatiorbonstaanH_ As discussed above, this coupling constant
of the permanent.dipolﬁf of the host phase molecule with 5 e negative if the host phase,molecules possess large
respect to the main axes of the molezcularz hard core. The sigilansverse dipoles that are perpendicular to the flat core.
of AM" is determined by the factop{— uy). According to  Then the quadrupole order parameter of the dopant is nega-
our definition of the quadrupole order parameter, the paramye, while that of the host phase is positive.

eterBy is positive if the molecular short axis is approxi- In the opposite limiting case of high dopant molar fraction
mately parallel to the direction of the spontaneous polarizafi.e., whenx,;<1) the parameteBp is mainly determined
tion. Let us assume that the axisis perpendicular to the by the dopant-dopant interaction. It is reasonable to assume
plane of the hard core. In this cagg is the component of that the flat cores of tweequal dopant molecules always
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have a tendency to be parallel and thus the coupling constanbupling between the dipolar and quadrupolar types of order-
AMP must always be positive. Then the quadrupole ordeing of such rigid cores. In Sec. Il B we derived the explicit
parameteBy, is also positive at high dopant concentration expression for the polarization induced by the dopant mol-
(including the smecti&* phase composed of dopant mol- ecules of type I, in terms of the quadrupole order parameter.
ecules only. It has been shown that if the quadrupole order parameter is
Thus we arrive at the conclusion that if the host phasgarge, it can influence both the absolute value and the sign of
molecules possess large dipoles perpendicular to the flghe spontaneous polarization.
core, as it is the case for CCN hogsee Fig. 10 the quad- The polarization induced by the chiral dopant of type | is

rupole order parameter of the dopant is expected to havgetermined mainly by the induction interaction between the
opposite signs at small and large dopant molar fractions, reginole and quadrupole of the chiral fragment of the dopant
spectively. Therefore the quadrupole order param@gr mglecule and the average polarizability of the host phase
must change sign at some intermediate dopant concentratiogygjecule. The resulting polarization practically does not de-
According to Eq.(19), this sign reversal oBp can induce a pend on the molecular structure of the host phase because the
sign inversion of the spontaneous polarizatidirthe quad-  ayerage polarizability is not sensitive to the details of the
rupole order parameter is lang@hese qualitative arguments gjecular structure. At the same time the polarization in-
can bg considered as an explanation of the polarization sigg,ced by the dopant of type i$ sensitive to the molecular
inversion observed ifig]. structure of the host phase because it depends on the quad-
rupole order parameter of the rigid core. At small dopant
IV. DISCUSSION molar fraction this_quadrupole order parameter is determined
by the hard-core interaction between rigid cores of dopant
In recent years the properties of induced smeCtic- and host phase molecules and is expected to be sensitive to
phases have been extensively studied experimentally bthe structure of both rigid fragments. In particular, it must be
Stegemeyeet al. [3] and it became clear that a number of sensitive to the orientation of the strong permanent dipole
new results cannot be explained in the framework of thewith respect to the main axes of the hard core. As shown in
existing theory[13,14. In this paper we have made an at- Sec. Il B, the strong dipole-dipole induction interaction can
tempt to explain qualitatively the main ferroelectric proper-be responsible for the different signs of the quadrupole order
ties of induced smecti€* phases using the general statisti- parameter of the dopant depending on the orientation of the
cal theory presented in the Appendix, and a more realistitransverse dipole within the rigid core of the host phase mol-
molecular model. We have also presented several very receatule(see Fig. 10 In the context of this model it is possible
results that confirm some of our theoretical conclusiongo understand why one and the same chiral dopant can in-
[7,8,23. duce polarizations of opposite signs in two different host
The molecular model used in the present theory takes intphases(see Fig. 2 This effect is related to the different
consideration the following two characteristics of the mo-equilibrium orientations of the dopant cores with respect to
lecular structure of the dopant molecules. First, we distinthe tilt plane in different host phases. In the two different
guish between the chiral dopant molecules of type | and typeases the transverse dopant dipole appears to be oriented
I, which are schematically presented on Fig. 1. The differ-above or below the tilt plan¢31]. One expects opposite
ence between the two types of the dopant molecules is in theigns of the induced polarization in the two host phases if
position of the chiral center and of the transverse dipole. Irone of them is composed of molecules with in-plane dipoles,
molecules of type | both are located in the flexible chain andwvhile in the molecules of the other phase the dipoles are
possess a significant rotational freedom with respect to thperpendicular to the flat rigid cosee Fig. 1D In the same
molecular rigid core. In molecules of type Il both are locatedway it is possible to explain qualitatively the sign inversion
in the rigid core. of the spontaneous polarization induced by a change of con-
Second, we take into account that molecular rigid coresentration of the chiral doparisee Fig. 3. In this case the
are biaxial in shape and possess some quadrupole-type ord@eolarization sign inversion is determined by the inversion of
ing in the biaxial smecti€* phase. This quadrupole order- the quadrupole order parameter of the dopant molecule. This
ing of flat rigid cores is not related to chirality and exists alsoparameter is expected to have opposite signs in the two lim-
in the nonchiral smectiG phase. Nevertheless, in the ferro- iting cases of very small and very large dopant concentra-
electric smectic=* liquid crystals the quadrupole ordering tion, respectively.
of the core can be strongly coupled with the polar ordering of The quadrupole ordering of biaxial molecules has already
the molecular transverse dipole. However, this coupling ideen taken into account in the theory of one-component
different for dopant molecules of different types. In mol- smectic€* liquid crystals[11,31,9,10Q. It has been shown
ecules of type | the transverse dipole is decoupled from théhat the coupling between spontaneous polarization and the
rigid core and one cannot expect any significant influence ofjuadrupole order parameter can be responsible for the un-
the quadrupole ordering of the core on the ordering of thisusual temperature variation of the polarization to tilt ratio
dipole. We note that only the dipoles directly attached to thehat is observed in some ferroelectric sme@icliquid crys-
chiral center are important hefg3] because they take part in tals close to the smectik—smecticE* transition point[11].
the corresponding interaction between the chiral center and@wo of the present authors have also used the simple model
the polarizability of the neighbor moleculsee Sec. Ill A  of quadrupole ordering in the description of the strong sen-
that is responsible for the spontaneous polarization. By consitivity of the spontaneous polarization to some changes of
trast, in molecules of type Il the transverse dipoles are alsthe rigid core structure that affect neither the molecular
located in the rigid core and hence there must be a stronghirality nor the permanent dipolg1]. The results of the
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present paper also indicate that the molecular theory of the
induced smecti€* phase appears to be incomplete if one Fe~Fat kTPoXDf dx fep(X)IN[fep(X)/fap(X)]
does not take into account quadrupole ordering. This order-

ing, however, seems to influence the spontaneous polariza-

tion only if the chiral centetand the transverse dipolef the +kTpox [ dxFenOOIN[Ten(3)/fan(X)]

dopant molecule is located in some rigid flat fragment that

can order independently in the biaxial smedigphase. —(kT/2)p§ E XpXi
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APPENDIX: MOLECULAR THEORY OF
FERROELECTRIC ORDERING IN INDUCED

1
fo(x =fA—exp{x fC X1,%5) A frr(Xo) dX
SMECTIC- C* PHASES—GENERAL RESULTS p(X) PZo M | Cup (X1, X2) ATy (xp)dX;

As discussed in Sec. ll, the spontaneous polarization is
determined by the difference between the one-particle distri- +Xp | Cop(X1,X2)Afp(X2)dX; . (Ad)
bution functions of the smectic* and the smecti@

phases: One can readily see from E@A4) that in the general case

the distribution function of the dopant molecules is deter-

mined both by the correlation functid®y, (x4 ,X,) between
PS:pOXDj AT (X)dx, A ihe dopant gnd host phase molecull\(neg(alndz?the correlation
functionCpp(X4,X,) between the dopant molecules. The lat-
ter contribution, however, is proportional to the molar frac-
tion of the dopant and therefore it is negligible when the
dopant concentration is smaile., when the dopant molecule

whereAf (x)=f,c(x) —f1a(X). The general expression for
the difference Af; can be obtained using the density-
functional approach to the theory of liquid crystgB2]. In

this approach the free energy of the system can be reprdS Surrounded predominantly by host phase molegules
sented as a functional of the one-particle density In the case of perfect nematic order the distribution func-

p(X)=pof1(x). In the case of mixtures the free-energy tion fp(x) dgpend§ only on the orienﬁation of the short mo-
functional depends on the densitipg(x) of all compo-  lecular axed andc [see Eq(4) and Fig. §. Then Eq.(A4)
nents a. This functional can be written as a sum of c&n be rewritten as

two terms F=®+H, where ® is the free energy of

the system without intermolecular interactiond = ~. 1 ~ L

> KTpox, Jdx f,(x)[Inf(X) +1], wheref (x) are the dis- fo(b,0)=o—ex C1(b,0)], (A5)
tribution functions of the molecules of the components and b

a andx, are the corresponding molar fractions. The func- _ _ oA
tional derivatives ofH are related to the direct correlation Where the effective one-particle potenti@(b,c) can be

functions of the liquid crystal. For example, represented as a sum of two terms
S52H =—kTp3C AD C1(b,8)=xC(0,8) +XpCp(b,8), (A6)
8 () fg(x) PoCap(X1,X2), (A2)
with

whereC,4(X1,X;) is the direct correlation function between
the molecules of componenisand 5.

This relation enables one to expand the free energy of the
ferroelectric smecti€©* phase with respect to its value in
the smecticA phase, using the differencad , as expansion A L . .
parameters. One can neglect the higher-order terms in the CD(b,&)zf Cop(b,C,b,,C)Afp(b,,Co)db,, (A7)
corresponding functional Taylor expansion of the free-
energy functional because for small tilt angl@sthe differ- L .
encesAf, are also small. where Cyp(b,¢,b,,c,) and Cpp(b,c,b,,C,) are the effec-

Now the free energy of the induced smediitphase can tive direct correlation functions averaged over all positions
be written as of neighboring molecules in the ideal smectic structure:

CM<6,6)=fC_MD<6,6,62,62>AfM(62,62)d62,
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P A A molecules 1,1 €. The second term is a contribution from the
Caﬁ(bl,cl,bz,C2)=0'f Cap(b1,C1,02,C5,112) mznlgcules that are in two neighboring planes. In this case
riJe
X 8((r1p-©))d%r 1+ (1— o) Equations(A5)—(A7) are the general expressions for the
effective one-particle potential,(b,c), which has been in-
hA koA A 2 troduced phenomenologically in Sec. Il. In E485)—(A7)
X f Cap(brC1,b2.C 812NN the effectR/e potential igs ex)p/wessed in termgacﬁ the direct
(A8) correlation fu_n<_:ti0ns betwe_en host p_hase and dopqnt mol-
ecules. Now it is also possible to derive the expressions for
Herea=D, M ando is the fraction of nearest neighbors the quantitiesS, G, K,z, andM 4 in the expansior5).
that are in the same plane as the central molecule. The first For this purpose we expand the functidDsy(1,2) and
term in Eq.(A7) is a contribution from the correlations be- Cpp(1,2) in terms of irreducible tensors composed of the
tween the central molecule and the nearest neighbors of theomponents of the vectos ¢, U;,, andn and write down
same component that are in the same smectic plane. For suttte first few terms

|

CD](61,61:62,621|'12):{ JjE’l"‘JjCl)'[ﬁxalﬂ(ﬁ'012)}+{ JDBz"‘JDéz)'[ﬁX Ugo](N-Ugp) }+ KD(ﬁ'alz)(Bl'alz)
+KY y(N-U15)(Cy- (1) +KL(A- Ulz)(bz (1) + KL(A- O1p) (& Ogp) + 15, (bl bz)
DI C) 13 [(bl &)+ (by- ¢)1+GPIB B+ HPIB U u,B )

+MPPB DU ug+MPIBZu,ug, (A9)
wherej=H,D and B(l)—b «Dg—c,Cpz. Substituting Eq(A9) into Eq. (A8) and averaging oveli;,L & one obtains
C_Dj(Blyélab27621é):{(‘]i<bl+‘]]yel)'[ﬁXé](n'é)}(l_%U)+{(J5b2+‘:j562)'[ﬁXé](ﬁ'é)}(l_%0')
+KR(A-&)(by-8)(1—3)+KD(1-8)(€1-8)(1- ) +K4(A- &) (b, &)(1-F0)

+KL(R-8)(Co-8) (1= 30) +1R)(Dy - ba) +120(&; - &) + 121 (Dy- &) + (b, €)]

o .
+ GD]+EHDJ>B(al/;B(aZl;_HDj(l_F%O.)B(l)e eBB(Z)

ay=y

—MPP(1+30)B e e~ MPI(1+350)B e g, (A10)

ay=y

wherej=D,H. o o

Finally, one substitutes the functiofi,;(1,2) andCpp(1,2) into Eqs(A4)—(A7) and performs the orientational averaging
with the distribution functions&fHA(bz,?:z) andAfp(b,,C,). One obtains the following expressions for the two parts of the
effective one-particle potential,(b,,c;):

Ch(b,8) =38P (b-w)+ I8P w) + 18P (b- (b)) + 11P(&- (&) + 1P (b- (&) + (- (b)) ]+ KKP(D- &) (R-8) + KIP(E- &) (- &)
+MHP[(b-8)2—(&-8)2]+ GHPB[ (b- Wp)2— (& Wp)?] (A11)

and

Co(b,8)=3RP(b-w)+I0P (& w) +12P(b- (b)) +1DP(&- (&) + 1P (b- (&) + (C- (b)) ]+ KLP(b-&)(A-8) + KPP (E- &) (- &)
+MPP[(b-8)2— (& 8)2]+ GPPBy,[ (b- Wp)2— (& Wp)?], (A12)

where o
GPo= —2( GPo+ EHDa> —sifOHP*(1+30),

J=3P1+30), Kf=KP(1+30),
with «a=M,D andi=x,y.
Now Egs.(A11) and(A12) can be reduced to the form of
MPe=MPe(1+1¢), Eq. (12) after some straightforward algebra. One can readily
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see that[ (b- 82— (&-8)2]= — cos 20[(b- wg) 2~ (& w)?], S=xuS"+xS,
(b)=(pom) P, and(f:):(po,u)’luyP, where u is the " o
absolute value of the molecular dipole aRds the macro- Gi=xmGi" +XpGy,
scopic_polarization. Using these relations the expression " o
MHP[(b- &%~ (C-&)?] in Eq. (A11) can be transformed into AK=xyM™+xpM",
—MH"Pcos 20[(b- wy)2— (& Wp)2], which corresponds to _ M b
the fifth term in Eq.(12) of Sec. Il. It is also possible to AM=xuAMT By +xpAMBp, (AL3)
rewrite the sum wherei =x,y and
IMP(b- (b)) + 1P (& (&) +IMP[(b- (&) + (& (b))] S¢=(30— KM (1+ 1),

= 83=<J5“+ KHo) (1+ o),

(por® " 2(IMP iy +1MP ) (b- P)

+(p0,LL ) (Iyy IU/y+|xy Mx)(C'P)a

aD
= (por®) T e ket 1y 1y,

I a

Gy =(por?) Mgy my 15y 1),

which corresponds to the third and fourth terms in Bcp).

Finally, we note that the expressiokg'(n-&)(b-&) and Me=—-MC(1+10),
K{\,"(ﬁ €)(C- &) can also be rewritten in the familiar forfaee
gle[ﬁf;zsé]'two terms in Eq.(12)], using the relation AMa= —Z(G“D+ %K“D> _SIPOKD(1+ 1),

R - (Al4)
KY'(1-8)(b-&) +K'(7-&)(C &) = — K (b-w) + K} (E-w).
Here «=H,D andB, andB are the quadrupole order pa-
Now we can finally rewrite Eqs(A1l) and (A12) for the  rameters of the host phase and dopant molecules, respec-

effective one-particle potential in the form of the phenom-tively.

enological Eq.(12), obtained in Sec. Il Equationg/A13) and(A14) express the coefficients in the
n R R - R general expression of the effective one-particle potefitiz)l
C1(b,€)=S,(b-w) + Sy (C- W)+ G,(b-Ps)+ Gy(C: Py) in terms of the coefficients of expansi®A9) of the direct

~ - A correlation functionsCyp(1,2) and Cpp(1,2) between
+AK[(b-w)?—(C-w)?] + AM[ (b-)? dopant-dopant and dopant-host phase molecules, respec-
—(&-M)2]. tively. The general equation®13) and (Al4) are used in
Sec. Il in the discussion of the influence of different inter-
The coefficients of this effective potential are now expressednolecular interactions on the ferroelectric properties of the
as induced smecti©G* phase.
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