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Inversion line in finite samples of ferroelectric
liquid crystals with the chevron layer structure

by MONIQUE BRUNET and LUBOR LEJCEK*#
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Université de Montpellier II, Case courrier 026, 34095 Montpellier, France
+ Institute of Physics, Na Slovance 2, 180 40 Prague 8, Czech Republic

(Received 12 July 1994; in final form 23 December 1994; accepted 3 January 1995)

In finite samples of ferroelectric liquid crystals with parallel smectic layers inclined with respect
to the sample surfaces, the chevron structure usually occurs. For the same surface anchoring
conditions, the twisted molecular organization may also appear, but in contrast with the bookshelf
layer geometry, the twist is confined either to the upper part of the chevron, with the lower part
untwisted or vice versa. Therefore two different director configurations with respect to the
chevron interface can be recognized. These different configurations can coexist and they can be
mediated by the so called inversion line. In this communication, we describe this inversion line
within the simplest approximation of the chiral smectic C* elasticity. The self-energy of the
inversion line, together with its core energy estimated on the basis of the Peierls—Nabarro model,
gives the energetically more favourable solution from two that are possible. Finally the
interaction of the inversion line with 2n-twist disinclination (unwinding line) is discussed and
used to explain the observed coalescence of parts of these lines in the terms of their mutual

interaction.

1. Introduction

After the first suggestion of tilted layers [1] and of the
chevron layer structure [2] in thin samples of ferroelectric
liquid crystals (FLC), considerable effort was devoted to
proving and explaining the observed optical properties of
thin FLC cells on the basis of the chevron structure
(see, for example, [3-7]). The application of an external
electric field permitted dynamic studies of the director
reorientation [8—10] and revealed that in samples with the
same anchoring conditions on the surfaces the molecular
structure may be twisted only in one part of the sample
limited by the internal interface which is the plane of
chevron [9, 10}. Moreover the application of a low external
electric field can influence the chevron interface in such a
way that the chevron profile is either deformed, exhibiting
the so called field line defect {11, 12] or has started to be
asymmetric with the mountain defect connecting the
asymmetric positions of the chevron interface [13].
The mountain defect then connects the chevron parts with
the different positions of the chevron interface in the
sample.

The molecular twisted structure in one part of the
chevron, either above or below the chevron interface, in
thin FLC samples without an electric field was also
reported in (8, 14,15]. The optical properties of FLC

* Author for correspondence.

samples with such a different molecular organization on
opposite sides of the chevron interface, i.e. with the
twisted structure on one side of the chevron, followed by
the uniform structure on the other side, were also studied
in [8-17]. The existence of the different molecular
orientations with respect to the chevron interface leads to
the occurrence of two different states with either the twist
in the upper part of the chevron and the uniform
arrangement of molecules in its lower part, or the uniform
molecular organization in the upper and the twist in the
lower part of the chevron, respectively. Therefore there
could be either a wall or a line separating these two
different states of molecular organization. Such a line,
called the inversion line, was in fact observed [15, 16] (see
also the photos in [3,8]). The difference in the light
propagation on both sides of the inversion line leads to
differently coloured sample parts (called the chevron
surface domains in [5, 9]), separated by this inversion line.

In FLC samples with thickness greater than the length
|Z| of the helicoidal pitch Z, the helicoidal state appears
and is characterized by the system of pairs ( - 27) of twist
disclinations, also called unwinding lines, which are
situated near the surfaces and which mediate the helicoidal
structure in the volume of the sample, with the unwound
structure near the sample surfaces [18,19]. When the
anchoring conditions on the sample surfaces lead to the
same molecular orientation, favouring a uniform structure

0267-8292/95 $10-00 © 1995 Taylor & Francis Ltd.
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Figure I.  Coordinate system and the liquid crystalline sample.
The x axis is perpendicular to the sample surfaces situated
at x =0 and x = D and the y axis is parallel to the smectic
layers. The smectic layers are inclined at the angle J from
the normal to the sample surfaces. Displacements u* and
u~ describe the shift of the layers from the reference
bookshelf layer structure. The chevron interface is at
x = D,. Smectic C* molecules are represented by nails [21]
the points of which are turned toward the observer. In this
scheme, only the molecules near the upper and lower
sample surfaces are shown and also their positions on the
surface of the cone with the angle 8 which is the tilt angle
of molecules with respect to the layer normal. The position
of molecules on the surface of the cone is defined by the
angle @ between the molecular projection into the smectic
layer (t vector) and the y axis. The molecules on the upper
sample surface are rotated by the angle @, from the y axis
and molecules on the lower sample surface by the angle
T+ @,

in thinner samples (so called parallel anchoring condi-
tions), the pairs of disclination lines are superimposed
[20}. For symmetric anchoring conditions the relative
orientation of molecules at the upper and lower sample
surface differs by the angle 7, which is the azimuthal angle
on the cone describing the possible molecular orientations
within the smectic C* layer (see figure 1). Then there is
a relative shift on disclination positions near the upper
sample surface, with respect to the positions of disclina-
tions near the lower sample surface, of about |Z]/2,
Recently both types of systems of disclinations
(unwinding lines) were discussed from the more general
point of view [20]. In the thicker samples with the chevron
structure, where the helicoidal molecular organization is
present. the shifted disclination pairs are observed in one
part of the chevron and in the other part of the chevron
therc are superimposed disclination pairs. Such disclina-
tion configuration also reveal that within the chevron
interface the molecules are nearly parallel as proposed in
[5,6]. Therefore the molecular orientation on one side of
the chevron is ncarly parallel to the orientation at one
sample surface and is rotated by some angle, not
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necessarily equal to 7, with respect to the molecular
orientation at the other sample surface.

In the present communication, a simplified model of the
molecular orientation near the inversion line will be
proposed. The model of the inversion line with given
continuous transition between the twisted and uniform
states in the upper and lower parts of chevron separated by
the chevron interface, with the exception of a line
singularity associated with the inversion line. The sim-
plifications and approximations used in this communi-
cation are based on the results of chevron models
summarized in the next section. The elastic self-energy of
the different types of the inversion line will also be
calculated, with the core energy estimated on the basis of
the Peierls—Nabarro model. Then the interaction between
the inversion and unwinding line is discussed.

2. Possible solutions describing the inversion line

Based upon observations of the chevron layer structure
in FLC samples, models describing the chevron layer
deformation, based on the chiral smectic C* or smectic A
elasticity, were proposed |22-27]. The first estimation of
the chevron interface thickness based on the molecular
orientation elasticity of the nematic type, combined with
the compressibility of layers {2], gave the interface
thickness { about 10nm and the interface energy
v~ 10" %erg cm ~ 2. The soliton model of the chevron [22]
offered similar values for { and y. The chevron interface
plays the role of a barrier which does not permit the
propagation of orientational deformations of molccules,
as, for example, their twist deformation, from one part of
chevron to the other. This behaviour was demonstrated
both in observations [8, 14—16], and also it follows from
the results [27] suggested the existence of the homoge-
neous and twisted states localized in half parts of the
sample separated by the chevron interface.

In order to obtain a simplified description of the
inversion line we will use the following approximate
model of the chevron: (i) The smectic C* layers in the
sample of finite thickness D are inclined from the upper
and lower surfaces by the angles § and — J, respectively.
It the chevron interface is situated at x = D, # D/2, the
smectic C* layers are displaced (relatively to the reference
state without chevron, where the smectic layers are
perpendicular to the sample surfaces), by displacements
u” and u~ in the upper and lower parts of the chevron (see
figure 1). The displacements 4 ™ and i ~ are oriented in the
z axis direction and can be expressed as

u' (x)=(D—x)tand for xe (D, D), (la)
and
u ()=(x+D—-2D)tand for xe(0.D,), (1b)

Baoth the molecular tilt angle & and the layer thickness
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b will be constant in the upper and lower part of the
chevron. The molecular orientation in the layers will be
characterized by the t vector, which is the orientation of
the molecular projection onto the smectic layers. Let the
t vector make and angle ®@ with the y axis. Then the t vector
can be expressed as t = ( — sin @, cos @) in the (x, y) plane,
where the x axis is perpendicular to the sample surfaces
(see figure 1). To simplify the problem we will study the
t vector orientation in the reference state and finally
transform the reference state by the displacements (1) to
the chevron layer structure. Our simplification is therefore
valid for small layer tilt angles &.

The anchoring energies W* and W~ on the upper and
lower samples surfaces, respectively were proposed in [9]
and can be rewritten in the form

W' = Wu(sin®, — sin @), Qa)
and
W™ = Wyu(sin®, + sin®,)* 2b)

where Wy = 7, sin? 0 cos® 6 [9], with v, characterizing the
bonding of the molccules to the surfaces. The angles @,
and ®, are the boundary conditions on the upper and
lower sample surfaces, respectively, and ®, fulfils the
relation

sin®y=——, (3)
a

for which the director is in the (y, z) plane.

In expressions (2), the polar part of the anchoring
energy was neglected. Equation (24) has minima for
Of =@, 1—DPyand P, = — D, 1+ D,.

(ii) The chevron interface situated at x = D, (see figure
1) will be taken as a barrier which separates the upper and
lower parts of the chevron. We will suppose that the t
vector orientations @ and @~ in the upper and lower
parts of the chevron can be studied independently.
Chevron surface anchoring energy W, can be cxpressed by
analogy with [9] as

W= y(1 —cos y), 4)

where 7 is the energy per cm’ characterizing mainly the
layer deformation energy of the chevron interface and
the geometric factor (1 — cos y) derived in [9] in the form

1 —cosy=1—cos*0cos2d
—sin @ cos @sin 26 (sin @ — sin @, )
—sin?fcos26sin @ sin D,
—sin?fcos ® cos D, )

where @, and @, are the t vector orientations on the
upper and lower parts of the chevron interface, respect-
ively. In reality there is a coupling between ®* and ©~

through the t vector orientations ®,” and ®; on the upper
and lower parts of the chevron. This coupling will be
discussed later. The values of ®." and ®; corresponding
to minima of equation (4), are either ® = ®, and
O = —-D,,or b =n— D, and O, =7 + D,.

(iii) The influence of the FLC spontaneous polarization
P, on the t vector distribution will not be taken into
account. Therefore our model can be applied only to FLC
materials with low values of P; where it can be assumed
that the distribution of charges p(x, z) ~ — div P(x, z) due
to the spatial distribution of the polarization
P(x,2) = Py(cos @, sin @) is either screened by the pres-
ence of free charges in the material or can be neglected.

Under the assumptions (i) and (ii), we will treat the
upper and lower parts of the chevron independently.
The bulk elastic free energy pf can be then expressed in
both parts of the chevron in the form given in [28] for the
elastic constants B, =B, and which depends only on
derivatives of ® and not on layer deformations:

B (3@)2 By (acb >’
—J— — + _— _ s 6
=5 o) T2\ 1 ©)

where B, and B3 are the smectic C* elastic constants and
g = 2n/Z. So in our approximation we use the following
expression for the free elastic energy of the sample per unit
length in the y direction:

R D, R D
F=f dz | dx[pfle-o- +j dzf dx[pflo=o+
R -R D,

o

R
+f AW * + W~ + Wi, %)
-R
where R is the sample dimension in the z direction. The
equilibrium equation describing the t vector orientations
in the upper and lower parts of the chevron and which
follows from (7) can be written as
R B P
"o o2
for both ®=®" and =" .

In our approximation, the solutions to (8) can be written
by analogy with the solutions describing surface n-twist
disclinations [29]. Let the line singularity connecting
the twisted and homogeneous director orientations in the

upper part of the chevron be situated at the point x = D,,
z =0, Then the solution ® ™ (x,z) can be proposed in the

form
AD” t [tanh ( 2 )
arctan p—
4 2x(D — D,)

n(x—D0)>]
2(D — Dy,)
ADPY x—D

2 D—-D,

B =0, (8)

D (x,2)=

X cotan (

+ @, ©a)
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where o = (By/B))'"2. The solution ®* (x, z) satisfies the
equilibrium equation (8) and has the value
®*(x=D,z)=®, on the upper sample surface. On the
upper part of the chevron interface it is

AD™
D (x=Dpz)= (3- - 1) + @ =@,
2\l
which means that the angle @ of the t vector orientation
on the chevron interface has a discontinuous change at
z=0.
As for the behaviour of the solution @ * (x, z) far from

the singularity, it is
Ot (x,z— + x)=®@,; (uniform director distribution),
and

x—D

D—-D,

D (x,z—> — 2)=0F +AD’

(twisted director distribution),

The value A® ™ =@, — & determined in the twisted
domain of the upper part of the chevron where @, # @,
is connected with the Frank vector Q7 = (0,0, £ ") of this
surface twist disclination as Q% = — A® ¥,
Analogously, the solution at the lower part of the
chevron and sitvated at x = D,,, z = 0 can be written in the

form
_ AD~ nz ™
(x,2) arctan | tan 32D, tan 2D
AD™ x
+—— Dy
> D o, , 9b)

which has the value @ (x=0,z)=®, at the lower
sample surface. On the lower part of chevron interface we
find

_ AD™ /2 o _
(<) (xZDU,z):—?(——‘—I +®, =0,
2 \l¢

with the discontinuous change of ®. at z = 0. Far from the
singularity it is

D (rz-> + )=Dp +AD
Do

which describes the twist in the t vector orientation and
D (x,z2> — 0)=]

gives the uniform t vector distribution. The valuc
AD” =D, — D, , D # D, ,determines the value Q  of
the Frank vector 2~ =(0,0,Q )and Q~ =Ad .

It should be noted, however, that the solutions are
sitnated at the same point x = D,, z = 0. In reality these
solutions are separated by the chevron interface which acts
here as the barrier preventing the propagation of the twist
as assumed in (ii). In our model the chevron interface

thickness is neglected, as its thickness of about 10nm is
comparable with the core dimensions of line singularities.
The argument for situating both solutions ® ' (x,z) and
@ (x,z) at the same point, for example, z =0, follows
from the inspection of the chevron interface energy given
by (4) and (5): if we suppose for the moment that the
surface disclination on the upper part of the chevron
interface is displaced with respect to the surface disclina-
tion on the lower part of interface, e.g. by a distance Az in
the z direction, on the part of the chevron interface of
length Az, the boundary values ®;" and @, are combined
in such a way that the elevation angle x [9] between the
molecular orientation on the upper and lower sides of
the chevron interface is non-zero, which does not
correspond to the minimum of W,. The minimum of W, is
therefore obtained for Az =0.

A similar argument can be used when only one twist
disclination is necessary to describe the connection
between the twisted and uniform domains in one part of
the chevron, leaving the other part with the uniform t
vector arrangement. Such a disclination can then be
situated either on the sample surface or on one of the
chevron interfaces. Whether the sample surface or chevron
interface will be preferred by the surface disclination
depends on a comparison of the anchoring energies (2) and
4).

In real observations [15, 16], such a disclination was
found to be localized at the sample surface. If we situate
this disclination on the upper sample surface, for example,
we can adapt the solution (9 ) in the following way:

AD™
®*(x,7) = —— arctan [tanh <L>
b4 200D — D)

Go=s)]
Xtan{ —————
2(D - Do)

+ _
+ AT (x = Dy) + @),
2 (D-Dy)

90

and
P (x.0)=D. =Dy . 9d)

As expected the solution (9 ¢) gives at x = D the change
of the boundary t vector orientation ®, at z=0:

ADT [z
@' (x=D,5)="—r <—+ 1) + 0 =D,
2\l
with A®D* =@, — @ for ¢, #+d. On the upper
chevron interface it is ® " (x = Dy, z) = ®. . Far from the
singularity, we again find either the twisted state

(x—Dy)

O (x,zo> +)=0" +ADT —
(D~ Do)

or the uniform state @ ' (x,z—> — =)= .
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There could also be another possibility when disclina-
tions are situated on the upper and lower sample surface
instead of on the upper and lower chevron interface. Such
surface disclinations were described in [29]. In this case,
however, there is not the necessity that both surface
disclinations are situated at the same positions along the
z axis. This situation can be simply distinguished by
optical observations.

3. The elastic self-energy of the inversion line

The elastic energies of the upper and lower parts of the
chevron with twist disclinations modelling the inversion
line are defined by the formulae

R D
E j dz f Alof oo+
-R D,

and

R D,
E. f dZJ’ dxlpflo-0-.,
—-R 0

with the solutions @ * and @ ~ expressed by (9 a) and (9 b).
Finally we obtain

B
E} =ngz(D—D0)R—%qA<I)+(D—DO) +17, (10a)

with
. TR
2 2 sinh o~
[+ _BRA®T) (ADY) VBiBy) | 2a(D-D)
4D ~ D) 2n cn o |
SRS D — D)

where r, is the core radius of the surface disclination.
The first term in (10a) is the energy of the unwound
sample; the second term describes the influence of the
helicity on the molecular twist. The term /" contains both
the energy of the twisted deformation of the molecular
order and the disclination elastic self-energy. Similarly

B
ES =ngZDOR——;—qA<D*DO+r, (10b)
with
sinh mR
_ _BRAA®Y L (a0 *YV/(B1Bs) n 2aD,
4D, 2n LT |
sinh
20D,

The total self-energy E; of the inversion line in the
sample with the chevron layer structure can be summa-
rized as

R
E,=E +E, +J W +W~ +W], (1la)
-R

which for anchoring energics independent of the z variable
finally gives

Es=E] +E_ +2RIW" +W +W.]. (11b)

Note that there is not an elastic interaction between the
upper and lower disclination because they are separated by
the chevron interface which is, according to our assump-
tion (ii) a strong barrier to the propagation of the twist
deformation of the molecular orientation.

4. Discussion of possible types of invérsion lines

In previous sections, the solutions describing the
inversion lines were given in the general form. In this part,
the configurations of possible inversion lines will be
discussed using the boundary conditions on the sample
surface corresponding to the minima of surface and
chevron interface energies (2) and (4) schematically
represented in figure 2.

Figure 2(a) shows the situation when the twists in
molecular orientations in the upper and lower parts of the
chevron are oriented in the same sense. On the sample
surfaces, we choose @,” = d,, i.e. surface anchoring (2) is
strong and @, = 7 + ®,. Then the t vector orientations on
the chevron interface can be either @ = — ®, and
O, =7+ ®, on the left side of the inversion line or
®. =®,and B, = — @, on the right side of the inversion
line. The corresponding strengths of the upper and lower
disclinations comprising the inversion line are
therefore A®Y =@, — O = —n+2®, (z<0) and
AD™ =@, — DO, = — 71— 2®, (z>0). The twists in the
upper and lower parts of the chevron turn in the same
sense, but, due to the boundary conditions ®,” and @y, , the

X x
Dy, Py =y
x=D x=D
Drgan-Dg D= L 2N Pro=0,
>(=DD =Dp
Do=n+®g bp=-Dp o=m+ Py T =2m- B
>(=0—>Z x=0 —>,
Dp=m+d, Qp=n+D
(@) ®»

Figure 2. Schematic drawing of the molecular twists and
uniform structures in the upper and lower parts of the
chevron. The t vector orientations on the upper and lower
sample surfaces were chosen as @ =@, and
@, =7 + @, respectively. The orientations ®;" and ®.
on the upper and lower chevron interfaces have the
discontinuity at x = D,, z =0 where the inversion line is
situated. (@) The molecular twists in the upper and lower
parts of the chevron turn in the same direction. (b) The
molecular twists turn in the opposite directions.
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&)

Figure 3. Director distribution near the inversion lines in the
nail representation [21] based on the formulae (94) and
(9b) for the model FLLC material with 0 =22°, 6 =18°,
and @, =53° taken from [8], x=0-32 and D,= D/2.
The layer thickness shown in this figure corresponds to
the distance 0-1D,. (a) Asymmetric inversion line;
(b) Symmetric inversion line.

molecules in the lower part of chevron should rotate over
the greater part of the cone, and so [A®* | <|A® ~|. Let us
call this type of inversion line the asymmetric inversion
line (see figure 3 (a)).

In figure 2 (b) the other possible configuration of the
minimum boundary conditions on the chevron interface is
shown with the same ®,” and ®, as in figure 2 (a). For
this type of inversion line we have either ®,” = m — ®,and
O, =g+ @, for z<<0, or & =0, and ®, =271 — P,
for z>>0 which gives AD" = — 74+ 2d, (z<0) and
AD” =g—2®, (z>0). The molecules turn in the
opposite senses in the upper and lower parts of the chevron
and so A®* = — A® . This type of inversion line will be
called the symmetric inversion line (see figure 3 (b)).

Inspection of the total self-energy E; of the inversion

line given by equation (11&) shows that there is a
minimum of E, for D, = D/2 and |A®"| =|A® | which
corresponds to the symmetric type of inversion line. In this
case, the chevron profile is also symmetric with respect to
the chevron interface situated at x = D/2, as seen from
equations (1) giving w'(x=D)=u (x=0) with
u'(x=D/2)=u"(x=D/2). Nevertheless, the chevron
interface can be situated in the sample at x+* D/2 as
indicated, for example in [8-10, 13]. Therefore we will
discuss first the chevron profile shown in figure 1 and then
the consequence of such a chevron geometry for the
existence of inversion lines.

If we imagine the displacement of the chevron interface
from x = D/2 to x= D, # D/2, with the smectic layers
fixed on the surfaces, the equations (1) show that the
layers should be shifted by the displacement
Au= (D — 2D,)tan 0. This displacement can be realized
by creating and passing N edge dislocations having the
Burgers vector b of length equal to the smectic C* layer
thickness. The number of edge dislocations N, is then
N, = Au/b. In figure 1, the displacement Au is shown on
the lower sample surface, but this does not mean that the
shift occurred there. Edge dislocations are created and
glide in the sample volume. After their passing the upper
layers are reconnected with those in the lower part of the
chevron situated at a distance Au with respect to the initial
configuration. This coherent reconnection of smectic
layers schematically shown in figure 1 is possible only
when D, satisfies the condition Au = nb/cos ¢, where n is
a whole number. Such a procedure requires the overcom-
ing of the energy barrier AW ~ N,Fy, where Ey is the
dislocation self-energy per unit length in the y direction.
Let us take as Ey the dislocation self-energy calculated in
[21] for smectic A, i.e. Eq~ Kb*/(24r,), with %> = K/B.,
where K and B. are smectic elastic constants of the
layer bend and the layer compression, respectively. If we
take A~ r,~b, the AW~ K(D —2D,)tandé/(2bh). For
D—2D,~0-5um, §~18°, b~3nm and K~ 10 ®dyn,
the energy barrier AW ~ 2 X 10~ *dyn. In thin samples of
the dimensions R > D, the elastic energy stored in the
molecular twist deformation could be comparable with
AW (the energy of the twist deformation can be cstimated
as W ~ B((A® ")’R/D; for B\~ 10~ ®dyn, @, ~ 53° [8]
and R ~ 10D itis Wt ~ AW), but in such a case the uniform
t vector orientation is preferred in the sample at the
expense of anchoring energy increase. Moreover, the
creation and glide of dislocations is the dynamically
process not considered in our static estimations. In thick
samples the twist deformation energy will be lower then
AW. Therefore when the chevron interface is created, it
can be moved only by the influence of an external field
which can create a sufficient number of dislocations as
discussed in [10,11,13]. So if the chevron with the
interface at x=D,# D/2 and with the same layer
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inclination & at the upper and lower sample surfaces
occurs, it was created during the phase transition smectic
A-smectic C*.

If we assume the existence of a chevron with the
interface at x = D,, we can further discuss the existence of
an asymmetric inversion line in such a geometry. Let us
compare the energies ES and E2 of the symmetric and
asymmetric inversion lines, respectively, for D, # Df2.
With the boundary t vector orientations shown in figure 2,
the surface anchoring energies in the expression (11 b) are
zero. Supposing further that the sample dimension (or the
distance between inversion lines) R>D and r,<€ D, we
can take sinh (nR/20(D — D,))) ~ exp (nR/2a(D — D)))/2
and  sinh{(nr/Qu(D — D)) ~ nre/ 2D — D))  and
rewrite the self-energy E; in the form

E,= ngZDR——[A(D (D —D,)+ AD ™ D,]

BiR [(Ad>+)2 +<A<I>‘)2]

2 D—-D, D,
N \V/(B\B3) [(A(W 1o |22 = Do)
2T[ Try
_ ALl
+(A® " )In ] (12)
rO

For simpiicity, the logarithmic part of E; can be
approximated as In[aD/(27r)]. By  designing
E, = (A® " Y[(B:B:)(2m)] In [aD/(27r,)],  the  self-
energy E? can be estimated as

Bag|A®*
E§=B3q2DR+—~L|2 lo-20,)
+32
+B£M® )[ ! +JJ+2&,
2 D_Do Do
andE?as
Big|AD
E2=B:¢°DR + ig—' (D~ D, + Dy

+B|R(A<I>+)2[ 1 ﬁ2
2 D— Do D,
where # = |A® ~/A® | > 1. For the configurations shown
in figure 2, the asymmetric configuration is p0531ble only

for g < 0. Taking ¢ = — |q|, the inequality E& < E? leads
to the relation

]+(1 + BHE,,

(13)

po=lzp-n[ X LA, ]

2n wA®Y|B L

which for R > D,, § ~ 18°, ®, ~ 35° and « ~ 0-32 (in [28]
the estimation of o was given as ¢ ~ 0-255) definitely gives
D, > |Z|. Therefore, within our approximation, the asym-
metric inversion line is not favoured in thin unwound
samples the thickness of which is smaller than |Z| [20]. The

reason for such a behaviour is connected with the fact that
on the one hand the energy of twist deformation
RB(AD ™ Y*/2D, decreases for D, > D/2, but on the other
hand the energy RBi;(A®*)¥2(D — D,) increases with
D — D,<<D/2. The helicity of the liquid crystal could
favour the t vector rotation A® ~ over the greater segment
of the cone, but the energy of this interaction is not
sufficient when o < 1, as can be seen from the inequality
(13). Nevertheless, due to the approximation (ii), the
interaction energy between surface disclinations repre-
senting the inversion line is neglected in the inequality
(13).

Up to now we have assumed the chevron interface as
one plane situated either at x = D/2 or at x= D, # D/2.
However, the observation of the mountain defect [13]
indicates that during the phase transition, the position of
the chevron interface can vary within the sample thick-
ness. Let us suppose that the position of the chevron
interface for z <0 is situated at x= D, and for z>0 at
x = D», as schematically shown in figure 4. Then for the
chevron interface geometry of figure 4, we can make
similar energy estimations for symmetric and asymmetric
inversion lines. In this case, however, we will approximate
the inversion line by the inversion wall separating the
twisted and uniform structures (or the symmetric and
parallel boundary conditions) at z = 0. Such an estimation
leads again to the relation D, |Z|. These estimations
based on the simplified smectic C* elasticity show that
asymmetric inversion lines have always greater elastic
self-energy than symmetric inversion lines.

D=
x=D
D= By
x=D2
-
Qi =n—-D, & - 0
\21:—(I>O
@cﬁ+¢///
x=0 -—>

=0
z

Figure 4. The chevron interfaces situated at x = Dy and x = D>

can be mediated by, for example, the edge dislocation wall,

schematically shown at z = 0 in the interval x € (D. D).

Boundary t vector orientations are shown at the sample

surfaces and on the chevron interfaces. The present chevron

interface geometry reminds one of the mountain defect in

[13]. (The mountain defect in [13) is oriented in the z

direction and this can be modelled by a screw dislocation
wall, for example).
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Figure 5. Schematic surface molecular distributions on the
chevron interfaces i* and i~ without a singularity on
the interfaces i ¥ and i ~. (@) 2r-disclination core with the
smectic A type of the molecular order within the chevron
interface. The molecules on the upper and lower parts of
the chevron interface rotate in opposite directions. (») No
topological defect is necessary when the molecules on the
chevron interface rotate in the same sense.

5. Core energy of the inversion line

In the previous parts of this communication, we have
assumed the chevron interface to be a barrier which
separates the deformations of the orientational molecular
order in the upper and lower parts of the chevron.
Nevertheless, the expression (4) for the chevron surface
anchoring energy, together with equation (5), couples the
boundary t vector orientations described by ®.” and @,
on both surfaces of the chevron interface. Let us suppose
now that the inversion line has no singularity in t vector
orientations at z = 0, but that there is a continuous change
of ® and ®. from one side of the inversion line to the
other. Therefore ® and ®. will now depend on
the variable z (see figure 5). An example of a model which
can determine the functions @ (z) and ®. (z) is the
Peierls—=Nabarro model. The Peierls—Nabarro model,
developed for the description of a dislocation core in solid
crystals, was adapted to model the surface disclinations in
nematics [21,30] and used for the discussion of the
2n-surface twist disclination in chiral smectic C* liquid
crystals in [31]. In the case of the inversion line composed
of two disclinations situated on the upper and lower parts
of the chevron interface, the core structure will be
described by the continuous functions ®. (z) and @, (z)
which satisfy the coupled non-linear Peierls—Nabarro
integro-differential equations:

AW, V(BBy) [TTdOS(2) d7’
oo, n e dzf 72"

(14 a)

and
W _ V(BB (7T AP, () d7’
Lo n Y [

where the integrals should be understood as the principal
values. Equations (14) express the equilibrium between

, (14 b)

M. Brunet and L. Lejéek

the torques of molecular twist deformations acting on the
upper and lower parts of the chevron interface, where they
are balanced by the torques due to the surface anchoring
energy [21,30]. In equation (14), the surface anchoring
energy W, is given by (4).

Comparison of the derivatives of W, with respect to N
and @, in the equations (14) shows that the solutions
@7 (z) and @, (2) should satisfy the relation

O (2) = — D (2),

which corresponds to the opposite rotations of molecules
on the surface of the cone. The inversion line core energy
Weare is defined as

Weore = f W@, (2), @ (2))dz. (15)

Using the equations (14), it can be shown that the core
energy W, does not depend on the explicit forms of W,
@ (z) and O (2) (see, for example, {21, 30,31]) and that
it can be expressed in the simple form

W=\/Ln1332[(1):(z——> +x)—® (z—> — =) (16)

As W, depends on the elevation angle y, we can expect
the lower W, for lower values of y. The lowest possible
values of y can be obtained when mo]ecules rotate over the
shortest part of the cone between the values y =0 at
Pf=d =D, and y=2(0—08) at ®} =a/2 and
®. = — n/2. This situation corresponds to the boundary
conditions shown in figure 2(b) for the symmetric
inversion line that gives

D (7= +0)—D (72> —®)=AD".

If we suppose that the solution of (14) exists for the
symmetric inversion line, then its core energy is

+32
Weore = 1V/(B) B»(M) ) (17)

The asymmetric inversion line core cannot be described
in our approximation of the Peierls—Nabarro model
because the t vector turns in the same direction on the
surface of the cone. Therefore we cannot estimate the core
energy of the asymmetric inversion line within the frame
of the Peierls—Nabarro model, but we can expect that the
core energy is lower for the symmetric inversion line
compared with the asymmetric one. For the asymmetric
inversion line, the lowest possible values of y are
situated between ¥y =0 (@, =®, =d,) and y =25 at
oS = =n/2.

6. Inversion between the inversion and the unwind-
ing lines

lines are situated generally very near to the sample
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surfaces [18-20] leaving the central part of the sample
with the helicoidal molecular order. In the sample with a
chevron layer deformation, the unwinding lines (i.e.
* 2r-twist disclinations) can be observed in the upper and
lower part of chevron and the relative position of those
lines (they are either superimposed [18] or shifted
relatively for |Z|/2 [19]) depends on the anchoring
conditions on the sample surfaces and on the chevron
interfaces. As the chevron interface plays the role of the
special supplementary surface in the sarmaple with rela-
tively strong anchoring energy, there will therefore be
unwinding lines situated near the chevron interface. If
there is an inversion line in this interface, it will interact
elastically with the unwinding lines. Suppose now that
both the inversion line situated at x = D,, z =0 and the
27-twist disclination at x=d and z =z, are oriented
along the y axis. The solution of equation (8) describing
27-twist disclination can be written in a similar form to
that in [31]:

Oy = —§ {arctan [tanh (EZ((—IZ)—?%)—))
comn (=70 |
cotan 3D-Dy
+ arctan [tanh (m>
20(D — D,)
L(x +d— 2D)>]}
X cotan ( 2D-Dy +C, (18)

where § = * 1. The constant C, however, can be different
in different parts of the sample depending on the boundary
conditions [31]. For the investigation of the interaction
between the inversion and unwinding lines, this constant
is not important and we put C=0.

The interaction energy between the 2n-twist disclina-
tion described by the solution (18) and the inversion line
given by (9 a), with both lines in the upper part of chevron,
can be evaluated as

+ o aq)+ x=D
W1= dZBl q)21t
— @ 82 x=D,
R
COSh&(—DnT)
= V/(B1B5)(SQ )1 e ,
(B1B3)( )In p— n(d— Dy)

cosh XD —Du) —Cos (D=D.)

with Q% = — A® ™. So there is either a repulsion or an
attraction of the unwinding line to the inversion line which
depends on the sign of (S@*) as can be seen from the
expression for the x component of the interaction force

(per unit length of line):

AWy _TV(BIB)(SQ)

ad D-D,

. (d — Do)

sn————
D-D,

fi= —

X

) 7t(d¥—Dho)' (19)
———— s

(D — Do) (D~ Do)

A similar expression can be also written for the case of the
unwinding line in the lower part of the chevron.

On the other hand, the unwinding line is repulsed from
the sample surfaces when the energy of anchoring is
sufficiently high. The expression for this repulsion force
was given in [31] and in our notation it can be transformed
to the form

cosh

(1S )*V/(B,B3) m(d — Do)
= cotan ———.

0
D —D, D—D, (20)

The equilibrium position can be found for z, =0 and d
satisfying the equation

&+ f. = 2nqBs, @n

where the term 27gB; is the force due to the helicoidal
order in the sample volume which pushes the unwinding
line to the sample surface [20,32].

Supposing that the distance Ad =d — D,, which is the
distance between the unwinding and inversion lines, is
always smaller than the thickness D — D,. Then

Ad= I—Zl— (1+2kS
= ), (22)
4o

where k= Q%/n. The distance Ad decreases when
S = -1, i.e. when the inversion line and the unwinding
lines attract each other. For @, ~ 53° and & — 0-32, the
value of Ad can be estimated as Ad~0-56|Z|/
4n = 0-045|Z)|.

In this estimation, both inversion and unwinding lines
are parallel to the y axis. It should be noted that this
orientation corresponds to the minimum of their elastic
self-energies if By < B, as can be found using the same
procedure shown in [31].

7. Discussion and conclusion
The asymmetric and symmetric inversion lines and their
elastic and core energies were discussed in §§4 and 5.
According to our estimations, the symmetric inversion line

. has the lower elastic self-energy and core energy because

the smectic molecules rotate over the smaller part of the
cone (see figure 3).

As for the mechanism of the inversion line creation, a
few remarks will be given here. One can imagine that
during the phase transition from smectic A to smectic C*
with the simultaneous chevron creation, the chevron
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Figure 6. Figure 7.

Figure 8(a) Figure 8 (b)

Figure 9. Figure 10.
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interface is not necessarily situated exactly at the distance
D/2 from the sample surfaces, i.e. the chevron is not
symmetric [8]. In thin samples of the thickness smaller
than 2 ym, even a small deviation of the chevron position
from the sample centre influences the twist deformation
which therefore occurs in this part of the sample above or
below the chevron interface which is the thicker. When the
zigzag defect is present, there could be differences in
the positions of the chevron interfaces on both sides of the
zigzag [9] and then the zigzag defect coincides with
the inversion line. Such a situation was also confirmed by
our observations [16, 17] and by the present observation.
We observed the textures of cells filled with the compound
ZLI 3774 of Merck exhibiting the smectic C* phase
between — 30°C and 62°C. The spontaneous pitch at 20°C
is —4pm.

Figure 6 shows isolated inversion lines where the
sample thickness is 6 um. Colours on both sides of the lines
are different because the distribution of the director is not
the same [ 16, 17] and extinction is not possible because the
propagation of the light is out of the Mauguin limit. The
numerical simulations of the optical contrast of the cell
with the chevron interface separating the uniform and
twisted arrangements of molecules were reported in
[16,17]. In these simulations, the twist assumed to take
part over the smaller segment of the cone and the contrast

Figure 6. Inversion line separates two domains (chevron
surface domains [5, 9]) of different colours. This and the
subsequent photographs show the inversion lines in
samples of the liquid crystal ZLI 3774 in the FLC phase.
The spontaneous pitch is — 4 um, and the cell thickness
6 pum.

Figure 7. Zigzag defect and inversion lines. Parts of inversion
lines are attached to segments of the zigzag defect. Other
parts of inversion lines of the area limited by zigzag defect
thereby separating the different molecular orientations in
the chevron interface (chevron surface domains), see also
[3,5,8,9,15,16]. In this case the extinction of some
domains is obtained with uncrossed polarizers due to the
twisted state in a cell which is in the Mauguin domain for
the propagation of light (9 um).

Figure 8. The increase of the area limited by the inversion line
loop under the influence of an applied electric field
(sequence of (a) to (b)). This inversion line loop was
created on some other defects in the chevron interface.

Figure 9. Unwinding and inversion lines in the area where the
thickness of the cell (15 pm) is of the order that permits
the helicoidal structure. Here inversion lines also separate
two domains where the twist is not located on the same
side of the chevron, either going with the unwinding lines
(1) or in the unwound part (2). The long segments of both
types of line are oriented along the smectic layers. Zigzag
defects (3) perpendicular to the lines are also present.

Figure 10. Unwinding and inversion lines. In this photograph,
parts of the unwinding lines coincide with the inversion
line due to their mutual attraction. The overlapping parts
of lines have different optical contrasts.

obtained is cohcrent with the contrast observed on
different sides of an isolated inversion line. These
simulations indicate that the observed inversion line is
probably the symmetric inversion line.

Figure 7 shows zigzag defects with inversion lines
where the sample thickness is 9 um. Some parts are
extinguished with uncrossed polarizers because we
are now in the Mauguin domain. Inversion lines still
separate one domain where the twist takes place in the
upper part of the chevron from another one where the twist
is in the lower part.

The glass surfaces with ITO electrodes were coated by
SiO. When a small d.c. voltage of about 2 V was applied
to the cell, the inversion lines which are present in the
sample start to move or new inversion lines are created on
the zigzag defects. The movement of inversion lines is the
consequence of reorientation of the t vector on the upper
and lower part of the chevron interface. From the two types
of boundary values ®; and ®. shown in figure 2(b),
those are preferred which give the molecular spontaneous
polarization oriented generally in the electric field direc-
tion as discussed in detail in [5,8,9]. Because the
reorientation starts on the chevron interface, the anchoring
energy of the chevron interface y is smaller compared with
the anchoring energies y, of the sample surfaces.

In thicker samples, small deviations of the chevron
interface position from the sample centre are not so
important, because the twist deformation energies are not
so different in this case. Therefore in thicker samples,
isolated inversion lines which are not directly associated
with zigzag defects can be observed. When again a small
electric field with chosen polarity is applied, it leads to the
movement of the isolated inversion lines (see figure 8) and
annihilation of inversion line loops, leaving the sample
with the twist deformation either above or below the
chevron interface only.

Nevertheless, the inversion line creation can be associ-
ated with irregularities of the interface either of the type
of the mountain-like defect or changes in molecular
orientation due to the presence of defects in the chevron
interface, for example, the 2n-disclination shown in
figure 5 (a) or perhaps some point defects (two white dots
seen inside the inversion line loop in figure 8). The
presence of those defects in the chevron interface can
assist the change of the t vector orientations on the chevron
interface characterized by the boundary values @, and
@. . When changing the electric field polarity, it is clearly
seen that inversion lines are created on other defects in the
sample.

The observation of systems of unwinding lines together
with inversion lines [33] shows the following features:

(i) When the inversion line occurs, it changes, for
example, symmetric anchoring conditions to parallel
anchoring conditions in the upper part of chevron and
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vice versa in the lower part of the chevron. When the
sample thickness is such that it permits the existence of
unwinding line pairs which are relatively shifted for |Z|/2
120, 34], the unwinding lines exist only in the parts of the
sample between the surfaces and the chevron interface
with symmetric anchoring conditions. In the parts of the
sample with parallel anchoring conditions, no unwinding
lines exist. As discussed in [20,34] parallel anchoring
conditions favour superimposed unwinding lines which
are stable for greater sample thickness when compared
with sample thickness permitting the occurrence of
shifted unwinding lines. Nevertheless, in samples with
shifted lines, different situations can be observed. In this
contribution two cases will be mentioned. In the first case
the shifted unwinding lines are either above or below the
chevron interface only. Then the inversion line separates
the domain, with unwinding lines from the domain without
any lines (see figure 9). In the second case, the sample
thickness permits the existence of shifted unwinding
lines both above and below the chevron interface and
their occurrence is determined by the realization of
the symmetric anchoring conditions. In this case the
inversion line separates the domain with unwinding lines
above the chevron interface from the domain where
unwinding lines are below the chevron interface. These
observations seem to confirm our idea of the inversion line
as a boundary between symmetric and parallel anchoring
conditions.

(ii) Sometimes the observation of lines reveals that the
parts of the inversion and unwinding lines coincide (see
figure 10); this can be interpreted as the attraction between
both lines given by equation (21). This attraction encour-
ages the unwinding line to occupy the position just above
the inversion line at the distance which can be estimated
by (22).

(iii) The observations also show that the long segments
of both unwinding and inversion lines are oriented along
the smectic layers (in our coordinate system the orientation
of these long segments coincides with the y-axis). This can
be a consequence of the anisotropy of the elastic constants
B, and B; which leads to the relation B; < B,.

In conclusion, the results of this contribution can be
listed as follows:

(1) The simplified model of the inversion line in FLC
with the chevron layer structure was proposed using the
simplified smectic C* elasticity. Our model is based on
the assumption that the chevron interface acts as a
supplementary interface in the FLC sample which plays
the role of the energetic barrier preventing the propagation
of the t vector twist deformation into the whole sample.
The inversion line is represented by a pair of surface twist
disclinations situated on the upper and lower chevron
interfaces, respectively. Those surface disclinations are
related by the chevron interface energy (4).

2 M. Brunet and L. Lejcek

Our model does not take into account the influence of
the spontaneous polarization P, on the t vector distribution
near the inversion line and therefore it is restricted to the
FLC materials with the small values of P,.

(2) Two possible solutions called the asymmetric and
symmetric inversion lines are proposed. The energy
considerations reached within our approximation show
that the symmetric inversion line would be favourable.

(3) When vy, > 7, the application of a small electric field
to the sample reorients first the t vector orientation on the
chevron interface in agreement with the observations and
conclusions in [5,8,9]. The t vector reorientation leads
either to the movement of the existing inversion line or to
the creation of inversion line loops on other defects in the
sample.

(4) In the case that the interaction of the inversion line
with the unwinding line is attractive, the segments of both
lines are situated very near to each other so that their
optical contrasts can coincide.
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