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MESOPHASE STRUCTURES RELATED TO MODULATED DISTRIBUTIONS OF
DEFECTS AND IMPURITIES

S.A.PIKIN
Institute of Crystallogranhy, USSR Acad.Sci., Moscow, USSR

(Received March 11, 1991)

Abstract The effects of distributions of dislocations, disclina-
tions and charge admixtures on the structural transformations

in thin LC films are discussed in the framework of the phenomeno-
logical approach. The quasiequilibrium spatial modulation of
polarization in the ferroelectric LC after or under the external
field actions is described as the result of modulated distributions
of free charges and disclinations. The electrostatically induced
growth of spiral domains in Langmuir monolayers at the air-water
interface is described as the result of modulated distributions
of the tilt angle and free charges in the chiral polarized thin
film. The chiral smectic A* phase is described as the periodic
distribution of dislocation walls and disclination loops in the
layered system.

Keywords: mesophase, ferroelectric, modulated distributions, disclimations, spiral
domains, dislocations

INTRODUCTION

The experimental data and theoretical considerations point to essen-
tial role of gurface streatments,boundary conditions, defects, impuri-
ties and admixtures for structural transformations and physical pro-
perties of thin molecular films. At the determinate conditions defects
and impurities are not distributed chaotically in such films, but ingead

they must be parts of macrostructures. Thus modulated distribu-
tions of defects and impurities (admixtures) can arise inevitably
under the actions of external fields, temperature changes etc. The
present paper shows examples of such macroscopical structures which
can be thermodyﬁamically equilibrium or quasiequilibrium. The paper
suggests models for observable quasiéquilibrium large-scale modulations
of the strong spontaneous polarization in ferroelectric liquid crys-
tals,1 for observable two-dimensional spiral textures in Langmuir
monolayers containing polar moleculeg, chiral admixtures and charge
impurities,2 for observable one-dimerisional spiral structures in chiral
smectics A*.3

Large~scale modulations in ferroelectric LC are characterized by
unusual temperature and field dependencies of the spatial period which

strongly differ from the equilibrium pitch behavior and can not be

[4171/73
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explained in the framework of traditional approach. The experiments1
show the important role of free charges and,probablyldisclinations in
these modulations. The present paper exploits the idea that bonding of
free charges on disclinations is a reason for stabilization of
such modulations. The spiral textures in Langmuir monolayers2 are
characterized by some threshold conditions and,probably, phase separa-
tions. The present consideration makes the attempt to take into account
the mentioned material properties to describe the threshold behavior
and phase states of such textures. The chiral smectic A* is the phase
of great interest and it was predicted4 that some distributions of
dislocations can be responsible for this phase state. The present
paper considers the model with the classical dislocation term for the
interface energy in the approximation of continuous distribution of
dislocations. This model describes the first and second order phase
transitions between ordinary smectic A, chiral smectic A* and choles-
teric phases, the corresponding temperature dependence of pitch being

calculated.

LARGE~-SCALE MODULATION OF POLARIZATION IN FLC

The paper1 reported about observations of the periodic domain
structure in ferroelectric liquid crystals with the period which is
much larger than the period of thermodynamically equilibrium helicoidal
structure in such materials. The authors1 noted the egsential role of
free electric charges screening the large spontaneous polarization.
Such a structure is nonequilibrium in general: it appears after or
during the action of external electric field and transforms to ordinary
equilibrium helix with small pitch after switching off the field. There-
fore the explanations of observed phenomena in the framework of the
model of proper ferroelectricity1 meet. difficulties.

Another model can be suggested for discussion of these phenomena
if one takes into account the presence of free electric charges in such
liquid-crystalline ferroelectrics with sufficiently strong spontaneous
polarization. The strong external field E untwists the polarization
helix with the initial pitch h_ and causes the emergence of excess
of ions with different signs at the opposite boundaries of a sample.

The basic idea of the model goes as follows . After switching
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off the external field free charges start to bleed under the action

of the field E' - due to the surface charge density and the
process of recovery of the initial helix starts also. Due to the sur-
face conditions and topological reasons the disclinational loops appear
inevitably at the same time with orientational. walls of helix during the
transient process. Initially on the relaxation start the quantity of
such loops is small since their formation demands energy expen-
diture, correspondingly the transient pitch of helix h can be larger
than h,. In this case flowing of free charges can play the essential
role for the stabilization of such a helix which is nonequilibrium.
This stabilization is conditioned by the following reason: there is

an inhomogeneity of the macroscopic polarization P around the disclina-
tion core, the corresponding polarizational charge is neutralized by
flowing charges, therefore such compensated loop must be stable and
lose an ability to move as in ordinary ferroelectrics.SThe another part
of free charges forms double-electric layers near the film surfaces
with the field ES inside the layers with thickness r. Figure 1 shows

the basic features of this model.

FIGURE 1 Model for the large-scale modulation of the polarization
in FIC stabilized by disclinations with charged coats.

The qualitative estimation of the free energy density F under

conditions described above is given by the equation
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The first term in (1), where

r Z‘J}ig
T=- ) = (1 -
a E_ \

d is the film thickness, describes the ordinary effect of untwisting

B

C
E—),
s

by the Es field at the critical value ES = Ec

where © is the tilt angle, K is the elastic constant, M is the piezo-
electric coefficient.6 The magnitude h_1 characterises here the
number of walls in the spiral structure.

The second term in (1) characterises the role of the charge den-
sity gradient along the z-axis (the axis of helix), the magnitude U
has the dimensional representation of an electric potential related to
the charge density. One can think that the magnitude U characterises
some electric conditions in vicinity of disclinations with compensated
charges.

It is known that arise of disclinations is energetically favour-
able in twisted structures.7 The existence of these orientational
defects in the chiral smectic C* was observed experimentally.8

The third term in (1) characterises the energy of disclinational
loops in the polarizational helix with the pitch h, the number of these
loops n per unit length along the axis of helix being proportional to
exp(—h/g }. where gF(T/Pz), T is proportional to the absoclute tem-
perature. The number of disclinations is determined by the probability
for them to overcome a potential barrier by thermal fluctuations.6
It is assumed that in materials with strong spontaneous polarization
the energy of disclination is quadratic in the polarization P~ MQ
and exceeds the corresponding term related to elastic orientational
deformations which is proportional to K.QZ. The constant A has the
dimensional representation of a length characterising disclinations.

The forth term in (1) characterises the original flexoelectric

effect related to modulated distributions of charge density (or poten-
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tial U) and director M. Its invariant form can be written as the term

dn,
-E.Un 1

i j (%,
Jaj

(2)

with a dimensionless coefficient which below will be included in the
function 8(T).

It is assumed in (1) that the magnitudes U, A ’ ES and r are the
phenomenological parameters of the chiral smectic C* with charge
impurities neutralizing the polarization divergence at disclinations.
The magnitudes ho(T) and @(T) are the equilibrium parameters of such
a smectic. The transient magnitude h is found from the condition

gF/ @h = 0. The quasiequilibrium character of this structure is rela-
ted to possible relaxation of the structure under the action of inter-
nal and external fields.

In the case of a completely compensated disclination, i.e., one
which has enough charge on it at all times to neutralize the polariza-
tion divergence completely, no driving force is available to provide
for the kinetic energy of motion of the disclination with a charged
coat. Practically speaking the time of relaxation of such a structure
is infinite. If the compensation is incomplete, then the problem is
considerably more complicated and similar to the domain wall formation
in solid ferroelectrics.9 The compensation can be incomplete either
because the compensating charge is inadequate to eliminate the depola-
rization field or else because the compensating charge lags behind the
disclination in its motion. The conductivity of LC (contrary to
ordinary ferroelectrics) seems enough to provide for an appreciable
neutralization. There may be relatively stationary charge distributions
which give the disclination an equilibrium position.

One can see from Eq.(1) and Eq: @F/ 3h = O that the pitch h is
the complex function of the spontaneous polarization P at fixed other
parameters. If the potential U is sufficiently large, i.e., 02>> NT,
one can find that

UZ

herE + hPET (3)

In this case the number of disclinations is proportional to
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U2P2
T{ 6EU + hoPEST )

] (4)

n ~sexpf-

i.e,, it sharply changes when the field E (at Es==0) increases from zero
value up to E ~ (P2U/T9 ) and it is saturated above this value of the
field. If the potential U is sufficiently small, i.e., U2<< AT, one

can find that

h ~———— (5)
AP° + BEU

and the number of disclination is saturated since

2

exp{- §) ~ exp(- %X )~ 1 .

One can conclude from (3) and (5) that the period h substantially
depends on the potential U (or the charge density). The temperature
dependence of pitch is determined by the temperature dependences of
polarization and equilibrium pitch, i.e., by P ~v MG ~ M(TC—T) /2
and h_(T). In absence of the bias field E and the subsurface field ES
at US> AT one has the equation

2
ho~nmrm T (6)

but at U2<< AT one can find that
U2 -1

h NQ\_I(Z_}\ (TC—T) (7)
The Eq.(6) shows that the effect of chiral dopinpin ferrcelectric mix-
tures can be appreciable since such doping change the equilibrium pitch
h,(T). The Egs.(6) and (7) describe the .observed temperature dependen-
ces of the quasiequilibrium pitch h in various mixtures.1

If the field ES is finite, its effect near the transition tempera-
ture T can be efficient since the critical field E_nrv §a% is small
here. The larger the layer thickness 4 the smaller the temperature
interval near the Tc point ~ (532 ~ d~4 where the domains disappear (the
pitch is infinite). At lower temperatures the guasiequilibrium pitch h

does not depend on the thickness d. These effects of thickness are
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observed in experiments.1

In the alternating electric field E = A exp(iwt), the free char-
ges compensating the poiarizational charge can execute forced oscilla-
tions which induce the macroscopic oscillations of polarization A near

disclinations:
A=Nerl

where N is the number of charges (* Q) in the unit volume, the charges
+*Q being separated by the distance y. If Q is the charge related to a
disclination with the length I and the effective size of charged

atmosphere 1 along the y-axis, one can estimate N ~~ (n/1L). The oscil-

lations of polarization Ag in walls with the width h are also possible,

A~ NQYY, N'.«;(hl‘L)—l, ¥ e (m/m')y,

where 1' is the corresponding size along the y-axis, m = P*th and
m' =p*l'hL are the corresponding coscillating masses, P* is the mass
density. The local field E which excites such oscillations includes

loc
the terms:

2
- N N o~ N . . 'l Oy
Eloc—ETf)A'r}A_E'(Pn'ﬁih—)_ﬂ' (8)

where p and‘ﬁ‘ are the Lorentzian factors which describe the effects

of charges related to neighbouring disclinations and walls in the quasi-
equilibrium helix. These charges have the same order of value 9 ~ U.

If, for example, the density of polarizational charge‘Ppol is deter-~
mined by the flexocelectric effect:

-1 e
Ppolfv L Pflexo s (€U/h1) or pﬁol'“’( Gu/hlY),

ol B ' ~ d ' E 4 .
Q j.polhlL Q ppolhl L ~ GUL (9)

The equation of motion for the oscillator related to the disclina-

a

tion . reads :

my + 2mfy + ky = QE, ,

or . . 5 nQ ~
A+ 2TA +ON =——5E, (10

P*hlzL2
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where T is the viscosity coefficient, k is the elastic constant,

2 2
2 k gl Q
W, === (pn+ ) —5 5 -
m P 1'%n p*hlsz

It is possible to estimate the ratio (k/m) if one takes into account
that small relative displacements of charges of opposite signs under
the action of field result in appearance of noncompensated charges with
the density 62{Ppoly on the opposite surfaces of the volume 1lhL. These
charges change the enegry of electric field inside the volume on the
magnitude of the order of

=1 22 -1_2 2 k2
€ "&°1hL ~ £ ppol(th)y ~MSY

the elastic force being equal to -ky, i.e., the ratio k/m can be

approximateg by

E,V Pgol
m &P* (11)

where & is the average dielectric permeability. By Eg.(9) one can

find from (11) that

2 12
w?otEl Lo Bl (12)
P 1 th 1'"h

It is necessary to underline the qualitative character of the
expressions written above: the coefficients ﬁ and ﬁ' are unknown, the
sizes 1 and 1' can depend on surface properties and specific features
of a disclination, generally speaking 1 and 1' are functions of r, h
and d. The most important features of Eg.(12) are the dependences on
the potential U, the tilt angle { and the pitch h. The dependence on
h has two parts: the term with the nonanalytical Jdependence on wave
number q - h-1 related to disclinations and the terms with analytical
dependences on g, the wave vector being raised to even powers (the
local field must be independent of the sign of q).

At some conditions the magnitude ouf can be positive: if 5_1 >
f;,‘(l/l')2 and h is sufficiently large, for example, at zero bias
field. In this case the solution of Eq.(10) has the resonance character

at the frequency of alternating field w= ( u)i - 2'5'2)1/2 and the
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polarization inhomogeneity must differ from a simple harmonic distribu-
tion: one can observe several orders of light diffraction.1 At the
resonance conditions the temperature dependence of q can remarkably
differ from expressions (3) and (5)which were observed experimentally.1
Generally speaking the existence of quasistationary spatially modulated
structures under the action of alternating field is possible only at
specific relationship between the field ampiitude A and the wave number
q.10 The general feature of such a phenomenon is its threshold charac~
ter: the structure does not arise at zero field A, the threshold
values Ac and d. have the evident proportionality Aiszqi' the critical
voltages being equal to several volts. If one takes into account the
effect (2) then one can conclude that the modulation of the tilt angle
G (z) is possible in connection with the spatial distribution of the
free charge density. The dimensioness consideration shows that in the
last case one has the proportionality Azzv qu above the threshold.
The experiment1 shows this proportionality at low resonance frequencies

which are specific to flexoelectric phenomena.

SPIRAL DOMAINS IN LANGMUIR MONOLAYERS DOPED BY FREE CHARGES

AND CHIRAL MOLECULES

M'dhwald2 had observed the electrostatically induced growth of spiral
lipid domains in the présence of cholesterol. This interesting pheno-
menon takes place in the monomolecular layer on the water surface.
M6hwald2 underlined the importance of free electric charges and chiral
molecules and proposed . a qualitative médel for the formation of
spiral domains. The present paper considers a model which admits

a gquantitative solution and anafytic reéulgs which can explain
characteristic features of the phenomenon.

The present model has the following peculiarities. Molecules in
the flat monolayer can have tilt deviations & from the normal z to
the layer plane, the magnitude & is a function of the cylindrical
coordinates r and o, O(r,# )~ 0 at r — 0. The corresponding dis-
tribution of the free charge density p(r,ab) has the relatively small
finite value P. in the point r = 0. There is the polar action P (elec-
tric polarization of molecules or the external field from a subsurface)

on molecules in the monolayer along the normal to jit. In accordance
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with the model, the director 1 has the projections nz and m (in the
plane xy), Ifl= ©. The chiral symmetry of the system admits the fol-
lowing invariants in the free energy expansion.

Nonchiral invariants in orthogonal coordinates:

1 4 1,2 1.,.2 1 ap op. 2 1 dm,
- = ¢ 4+ =M - - -4
28+ 5807+ oMPT v oo L) (5071 v K gy
gm gm ¢m Om om
— X2 4 X _ Z Y2, o X
* oy ) 72 Gy gx ) 3PP, % Y b a3

The last term in (13) is similar to the flexoelectric effect (2).
Chiral invariants:
3 g dm,  On
. : up X v
br (m—b + m—b) ¢ cpn (=X - ==Y | 14
‘z(xéx yay) PZ([}Y ax) (14)
The material parameters &,M, g, K1 and K2 are positive. It will be
proposed below, for simplicity, that 1(1 = K2 = %. It is seen from (13)
that the finite tilt angle © cannot arise spontaneously but it can
be induced by the vector field E It is convenient to find the magni-
tudes N and )'5 as functions of the cylindrical coordinates r and ol .

The model distribution M(r,d. ) with the components m, = 0 and m_ =

8(r,d.) will be discussed (see Fig.2).

FIGURE 2 Model for spiral domains in Langmuir monolayers doped
by free charges and chiral molecules.
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The corresponding equations for the functions JO(r,oL) and 8(r,sL)

in the frame work of the present model .read.:

3., dp B d 1 e
9 + ‘,9 - B ar - r adu - K[ ar (r %r )
2
+ __BM B9 -0, (15)
T A4
A 32
1ci(er> c 08 _ ].E 1__2=
Mp -+ E r T Od, g[r 8r Or r2 Bd?] 0 (1e)

where E = aP - b. For sufficiently large values of the parameter E and
for large distances r, one can find that the nonlinear term in Eg.(15)
is small, and these equations have some "classical” linear solutions
at some threshold conditions, the magnitudes E and q being connected
by a certain relationship. The corresponding term in the free energy

these large distances must equal zero. At sufficiently small dis-
tances r < R the nonlinear term in Eq.{(15) is substantial and the solu-
tions differ from the "classical"” ones. The characteristic magnitude R
should be found from the corresponding solutions.

For ¥ > R, one can find the solutions 8(r,d) and p(r,d) as the

following expansions in terms of (1/r):

R i
p=p* [%_ME)] cos ey o AET KW

E(E + qu)r gg( & + qu)r2
R 2,3
sin(gr -, =4*) + O(cE ) B (17)
6 = p* ——————‘-’-—+——] sin(qr - g-g*) +
r( &+ Kq) 8r
1 E(E2 K) 2,3
+ —2~—N—-— cos(ar -of —gf) + O(cB™/xr7) ,
2.2
r g(g+ Kg)

where P* and 4 * are some constants, the wave number g must be found.
The substitution of (17) into (13) and (14) and equation of the free

energy to zero give the threshold values qc and Ec

2 _ [_Ep 2 _ , 2
qc—d sk B = (K e (18)
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One can see from (17) that in fact the parameter of expansion is the
magnitude const(E/r), i.e., the characteristic distance R is proportio-
nal to the "field" E.

For r << R, one can find the expansions

3 5
8 = 91r + 83r + O(x™),

(19)
PP+ prt v o,

where the coefficients are given by the relations

el~-1:—pg, P, —;fw—po, 93\,45"———90, Par €85--e (20
Thus one can see from (19) and (20) again that the parameter of expan-
sion is the magnitude const(x/E), i.e., really R~E.

The analytical solutions (17)-(20) show that the distributions
8(r,s) and f)(r,d,) are classical spirals with the equation r = (4~
L;(_*)q”1 > R for lines of equal phases. At r >> R the distributions are
negligible. It means that the turns of spiral can be observable in a
circle with the radius R~E, the larger field E the larger quantity
of turns an/Ez. The centers of such spiral arise occasionally in the
monolayer. These peculiarities of the phenomenon are in accordance with
experimental data.2 It is necessary to underline that here, as in the
previous problem, flexoelectric and chiral properties in presence of
free charges play the decisive role.

The present model gives a qualitative explanation of gpiral con-
figuration of domains in such a monolayer. The experimental data2 show
the finite number of turns with sharp borders in spiral domains. This
fact can be explained by existence of disclination lines. Really, the
director deviations can be more complicated: one should consider the
nonlinear model with the nonzero components n_ and ngy - This problem
is similar to the considered one in Ref.11 where it was shown that
spiral domains are inevitably conjugated with disclination lines because
of topological reasons. In such a case, for the fixed field value, the
number of turns in spirals must be finite since the length of a dis-

clination spiral is limited because of its power unfavourableness.
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CHIRAL SMECTIC PHASE A*

Renn and Lubensky4 had predicted the helical smectic A* phase between
the cholesteric and ordinary smectic A phases, the A* phase being con-
structed from rotated blocks of smectic A layers. These mutual rota-
tions of blocks are provided by the network of screw dislocations.
Lavrentovich et al.3 reported about experimental observation of this
type of smectics. The twist-grain-boundary phase predicted in Ref.4

is the analog of the Abrikosov phase in superconductors with molecular
chirality as the analog of the external magnetic field. Vigman and
Filev12 had shown that the first order cholesteric (the normal metal)-
smectic A (the leissner phase) phase transition must occur at a=ac<0,
where a is a coefficient in the term af¢42 in the free energy expansion
for a smectic A, [¢4 is the smectic order parameter. The finite value
a, is determined by smectic fluctuations in the cholesteric phase in
which the pretransitional growth in the pitch of the cholesteric helix
must occur and it is not described by a universal power law.

It is shown in the present paper that the formation of a helical
smectic A* can be described directly by taking into account the dislo-
cations in the framework of the classical knowledge about epitaxial
dislocations and the energy of grain subboundaries:.l3 This energy per
unit area of the dislocational wall qualitatively is proportional to
- @lnY, where Y is the angle of disorientation of neighbouring crys-
talline layers. One can think that there is the linear relation between
the wave number g and the angle § in the helical smectic A*. This
model assumption means that either dislocations are distributed more
or less continuously or else the size of A-phase blocks along the z-
axis is much smaller than the pitch of helix 2ﬂ'q_1(see Fig.3) .The coxr-

responding term in free energy density can be written in the form

g ¥ ? g, (21)

where g is the constant, the magnitude g “#‘2 plays: the role of an
effective elastic modulus of the smectig, g being proportional to the
number of walls per unit length along the axis of helix. The term (21)
is substantial'if the constant g is sufficiently large, iie., if one

can neglect the pretransitional change of the choleqteric pitch,
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FiceRE 3 Hodel for the chiral smectic phase A*. The rotation
of blocks of smectic planes is shown.

mentioned above, in the vicinity of the point a=0. If g is small, then
the smectic fluctuations play the predominant role.

. Thus the present model gives the following expression for the free
energy density F:

Pealfi? o 2WF s dria - a0 - glWfPma . 22

where parameter a changes its sign at T =T_, b > 0, g > 0, g, is the
cholesteric wave number, X is the Frank constant. dinimization of F by
“Vland g results in corresponding equations for ¥> and g which have
the following solutions. At the point a = a* = gq% In g, < 0 the second
order phase transition from the cholesteric phase to the helical smec-

tic A* phase (the Abrikosov phase) occurs. One has in the A* phase:

‘ 2
W/lz ~ (1 ff,f qzlnz gJlt ., t»0,
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1

2
€ = :E-i—%ﬂﬂ—lﬂ—ﬂo << 1, t* = t(a*) = 0

. 29
q 229, ¥ o In gt <q, .

At the point t = t'

the first order phase transition from the A* phase to the A phase

occurs, the jump of the wave number value at t = t' being equal to

If one admits the existence of disclinations discussed in previous
sections, then the expression (22) should be complicated by the term
- c g exp(-1/9%)
which adds a qualitative feature to thic discussel results. One can show
that for relation between phenomenological parameters
2

K& 1
= 4, Arexp(- —2) 4 (23)
] qo?

the point t = 0 is a critical one:

)
2 _ AgE° 4 3/2 1 1/2
I‘M B q,(- 1n q,) eXP(_2q°§) t ’
_23 1/2 1 2 .
q 529, - 2& g, (-1n q,) / exp (- —) £/
29,8

For the relation (23), one determines the first order phase transition

at the point t = t':

S P -3 -1 -
t *"2( £4,) [ln qol exp ( q )

, . 1/2
qQ' m=z gl - (29, &) exp (-

= 1 -

Strictly speaking it is necessary to take into account the fluc-
tuations of the orientational order, as in the case of the transition
between smectic A and nematic phases, that can change the order of the

transition between cholesteric and smectic A* phages: from the second
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order to the weak first order. Experiments3 show that this transition
is of the weak first order, the phase A* exhibits a significant rigi-
dity in shear deformations, these facts verify the model (21). The
experiment shows also that there are some concentration waves for the
components in the investigated mixture. This interesting feature of
the phenomenon is very similar to results of previous sections.

The considered model is useful not only for liquid crystals but
for the more general problem of crystal growth, for example, for the
epitaxial growth of thin molecular films on an anisotropic crystalline
substrate. Taking into account the ordinary orientational terms (quad-
ratic in the angles of disorientation of growing grains and a substrate)
and the energy of the wall of epitaxial dislocations one can describe
a off-beat orientational phase transition of growing grains: experi-
ments show specific reorientation of crystalline grains to a given

direction at a critical dimension of the grain.
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