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Backflow effects in the Goldstone mode dielectric response of
chiral smectic C* liquid crystals
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e-mail: f9atc@fy.chalmers.se
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Employing the elastic-hydrodynamic theory of the ferroelectric smectic C* phase, it is easily
seen that in most dynamic processes in the system, a coupling between director rotations and
macroscopic mass flow exists. Taking this possibility of backflow into account, the equations
governing the Goldstone mode dielectric susceptibility are rederived, and it is shown that
the corresponding rotational viscosity, measured in a conventional dielectric experiment, is
renormalized due to backflow effects. An expression for this renormalization is given and
the crucial parameter, determining whether backflow effects are of importance or not in the

dielectric experiment, is derived.

1. Introduction

The general dynamical behaviour of chiral smectic C*
(SmC#*) liquid crystals can be described by a set of
equations governing the time evolution of the c¢-director,
the macroscopic mass flow and the orientation of
the smectic layer normal. The first dynamical studies
of SmC* liquid crystals presented in the literature
were studies concerning the rotation of the c-director,
neglecting the possible onset of macroscopic flow and
also assuming the smectic layers to remain fixed. Such
studies mainly concerned the switching dynamics of
ferroelectric surface stabilized liquid crystal cells [1,2]
and the dynamics of the dielectric response of ferro-
electric SmC* liquid crystals [ 3, 4]. The equations used
in these studies are heuristic equations based on a set of
Landau—Khalatnikov type equations. Using the basic
assumption that the smectic layers remain fixed, a
general elastic-hydrodynamic theory of the SmC* phase,
formally derived in the language of rational mechanics,
has been put forward by Leslie et al. [5]. This theory
demonstrates clearly how a reorientation of the c-director
couples to a macroscopic mass flow and vice versa. By
reformulating this theory, Carlsson et al. [6] showed
how one, in a simple way, can achieve physical insight
into this more general dynamical behaviour of the SmC*
phase. All theoretical models of the dynamics of the
SmC* phase referred to above, assume that the smectic
layer normal is fixed, although it is easily seen that most
motion in a SmC* system is associated with torques
acting to rotate the smectic layers [6]. Recently, it has
also been experimentally observed that in some circum-
stances the smectic layers start rotating as a consequence
of a molecular reorientation in the system [7-11]. A

theoretical model explaining the mechanism of layer
rotations in the SmA* phase has been put forward by
Carlsson and Osipov [ 12], while the generalization of the
theory to the SmC* phase is currently in progress [13].
In this work we consider a SmC* system for which
the smectic layers are assumed to be so strongly oriented
by the substrates, that they remain fixed irrespective
of which torques are applied to them. The behaviour of
the system is analysed theoretically using the model
devised by Carlsson et al. [6]. This model demands
20 viscosity coefficients and 9 elastic constants to be
specified in the most general case. A relevant question
in this context is how to design experiments in order
to determine these constants experimentally. Various
experiments have been proposed (and performed) for
this purpose. Among these are the study of Fréedericksz
transitions in different geometries [14, 15]. By incor-
porating the possibility of backflow, i.e. the fact that
most reorientations of the c-director inevitably induce
a macroscopic flow in the system, not only the elastic
constants but also some relevant viscosity coefficients
should be measurable. Such calculations have been
published by Carlsson et al. [ 16, 17] who have demon-
strated how backflow affects the switching behaviour of
surface stabilized ferroelectric liquid crystal cells, not
only in a quantitative way but also qualitatively.
Unfortunately, today there exists very little experi-
mental information on the values of the viscosity coeffi-
cients of the SmC* phase. The only exception is the
rotational viscosity s associated with the rotational
motion of the director around the smectic cone. This
coefficient is related to one of the viscosity coefficients
defined by Carlsson et al. as yg = 245 [6] and has been
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measured experimentally, essentially by two different
methods: either by the measurement of the response
time of a surface stabilized ferroelectric liquid crystal
cell [18] or by dielectric spectroscopy [ 19, 20]. None of
these experiments was analysed by a model incorporating
the possibility of backflow. However, it has since
been clearly demonstrated that essentially all rotational
motion of the director around the smectic cone in the
SmC* phase is expected to be associated with backflow
[16,17]. In the present work it is shown how the
evaluation of the Goldstone mode dielectric constant is
affected by taking backflow into account in the analysis
of the experiment. It is shown that backflow effects
renormalizes ys so that the simple relation yg = 215 is
changed into a more complex one, where a number of
other viscosity coefficients enter the expression for yg.

The outline of the paper is as follows. In §2 we define
the quantities necessary to describe the system studied,
introducing coordinates and notations. We also specify
the geometry of the particular dielectric experiment
for which the influence of backflow on the dynamical
behaviour is investigated. In §3 the general elastic-
hydrodynamic equations in the SmC* phase are sum-
marized. The general dynamic equations governing the
Goldstone mode dielectric response of the SmC* phase,
taking backflow into account, are derived in §4. By solving
these equations, in §5 it is shown how the switching
equation, and accordingly the Goldstone mode rotational
viscosity, is renormalized by the backflow. Finally, in
§ 6, some inequalities that the viscosity coefficients of the
SmC* phase must fulfill are discussed, and from these
it is shown that backflow effects generally accelerate
the response of the system. We also derive the crucial
parameter that determines how pronounced will be the
backflow effects in the dielectric experiment described in
the present paper.

2. Geometry of the dielectric experiment: introduction
to notation and definition of coordinates

In this work a liquid crystalline sample in the bookshelf
geometry is studied. Thus the smectic layers, which are
assumed to consist of uniform planes with fixed orientation,
are standing perpendicular to the surrounding glass plates,
which are taken to be parallel to the xz-plane. The basic
quantities needed to describe the system are defined
in figure 1. The layer normal, taken to be parallel to
the z-axis, is denoted a. The average orientation of the
molecular long axes is tilted with respect to the layer
normal, the tilt being denoted 6. A unit vector, the director
n, is introduced in this direction, while the projection of
the director into the smectic planes is described by a
unit vector ¢, commonly called the c-director. In order
to describe the orientation of the c-director we intro-
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Figure 1. The geometry of the system.

duce the phase angle ¢, which is the angle between the
c-director and the x-axis, counting ¢ positive for a rotation
around the positive z-axis. The spontaneous polarization
P of a SmC* liquid crystal is confined within the smectic
planes and is at right angles [21] to the c-director. We
introduce a unit vector b according to

b=axc¢ (1)

which will coincide with the polarization vector provided
that we are studying a (+) compound in the nomen-
clature of Clark and Lagerwall [22]. Assigning the
polarization, P,, to be positive for a (+) compound and
negative for a (—) compound we can write

P="P,b. (2)

If the sample studied is sufficiently thick, the direction
of the molecular tilt precesses on going from one
smectic layer to another, forming a helicoidal structure.
The in-plane spontaneous polarization, being perpen-
dicular to the tilt, also forms a helix and the macroscopic
polarization of the system equals zero. Applying an
electric field E = EZ across the sample deforms the helix
in two ways, changing the magnitude as well as the
direction of the tilt. The dielectric response, connected
to director fluctuations of the SmC* phase, therefore
consists of two contributions [4, 23]. These are the soft
mode part corresponding to the changes of the magni-
tude of the tilt, and the Goldstone mode part correspond-
ing to changes in the tilt direction. Unless the system is
very close to the SmC*-SmA* phase transition temper-
ature, T, the tilt can be assumed to be constant [24]
and the soft mode dielectric response will be quenched
[23]. Only the case of constant tilt is studied in this
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work, thus assuming that the system is sufficiently far
below T.. For most compounds the condition 7, - T>1 K
is enough for this assumption to be valid.

Due to the deformation of the helix in the presence
of the electric field a net macroscopic polarization ( P;)
is induced and the corresponding dielectric response y
of the system is defined as

7= lim ——. (3)

Assuming 6 to be constant, this quantity can be
calculated [4, 19] from the switching equation [1]

By¢" — P,Esin¢ =y 4. (4)

This approach has been used by several authors
[3, 19,20, 23, 25-28] to determine the Goldstone mode
dielectric susceptibility experimentally. However, nobody
has analysed how backflow effects, which are inevitably
associated with director rotations in the system [ 16, 17],
affect the analysis of the dielectric experiment. In order
to do so, a velocity field v, describing a macroscopic
mass flow in the system, is introduced. Studying a
sufficiently thick sample the influence from the bounding
plates can be neglected and the system is assumed to be
xy-invariant, i.e. the only spatial dependence all physical
quantities can adopt is a z-dependence. Neglecting
the possibility of transportation of matter between the
smectic layers, the most general form of the velocity field
can be written as v= v(z)X+ u(z)§. Thus we make the
following ansatz for the quantities a, ¢, b, P, E, v and
the time derivative ¢

a,=0, a,=0, a =1 (5a)
c,=cosP(z), c,=sinP(z), ¢c,=0 (5b)
b,= —sin(z), b,=cosd(z), b,=0 (5¢)
P,= —P,sind(z), P,=P,cos¢(z), P,=0 (5d)
E. =0, E,=E, E =0 (5e)
v.=v(), v,=u(z), v,=0 (51)
¢, = — ¢ sin ¢, c'yzdicosd), ¢,=0. (52)

It is the aim of the present work to show how the
switching equation (4), and thus the Goldstone mode
dielectric response of the system, is modified by including
backflow effects through the velocity field (5f) into the
analysis of the behaviour of the system.

3. Summary of the equations governing the elastic-
hydrodynamic behaviour of the smectic C* phase
In this section the equations governing the elastic-
hydrodynamic behaviour of the SmC* phase are sum-
marized. The basic mathematical formulation of these

equations was derived by Leslie et al. [ 5] and has been
interpreted further and reformulated by Carlsson et al.
[6, 15]. The governing equations consist of one equation
for the balance of linear momentum,

pv;=F;+ ;ij,j (6)
and one equation for the balance of angular momentum,
I+ &;0,;=0. (7)

In these equations, p is the density of the liquid crystal,
F; is the sum of all external forces and 7; is the viscous
part of the stress tensor. Equation (7) can be interpreted
as a balance of the torque equation in which the term
&ly; is the viscous torque I, and I'; represents the
sum of all other torques acting on the system. The
viscous part of the stress tensor 7; is most conveniently
expressed as the sum of its symmetrical (7};) and
antisymmetrical () parts:

Li=1;+1i. (8)
Adopting the wusual summation convention and
introducing the following quantities

1 1
D= E(vi,j+ vii)s W= E(vi,j - Vi) (9)
D} = Dj;a;, Di=Djc; (10)
Aj=d; = Wya, Ci=¢— Wye, (11)

the viscous stress tensor can be written as
;= poDi;+ ma,Dyaa;+ w(Dia;+ Dia;)
+ pzepDycici+ wu(Dic;+ Dicy)
+ psc, Dy(a;c;+ a;e;)+ 2 (A;a;+ Aja;)
+ (Cicj+ Ciep)+ Ay Ay (a;c;+ aje;)
+ k1(Dj¢;+ Dic;+ Dia;+ Dia;)
+ Ko[a, Dy(a;c;+ aje;)+ 2a,Dya;a;]
+ w3l ep Dy (a;c;+ aje;)+ 2a,Dycqc;
+ 11(Cia;+ Cia;)+ t5(A;c;+ Ajc;)
+ 2t3¢c, dpa;a;+ 2140, Ay (12)
i = (D5a;— Dia;)+ A(Djc; — Dic;)
a;c;)+ A4(A;a; — A;a;)
+ As(Cie;— Ciep)+ Aoy Aypla;e; — aje;)

+ 11(Djc; = Dic;)+ 12(DSa; — Dia;)

+ Zscp Di(asc;—

+ t3a, Dy(a;c;— aje;)+ tac,Dy(asc; — a;e;)

+ 15(djc; — A;c;j+ Cia; — Cia;). (13)
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These two equations define the viscosity coefficients of
the system.

The torques which we will have reason to incorporate
in the analysis in this work are, apart from the viscous
torque I also the elastic torque I', the electric torque
I'? and the countertorque I, which is the torque acting
on the system in order to keep the layers fixed [ 6, 12,291,
ie.

I'=T"+ I+ TI" (14)

It is possible to show that when studying the elastic-
dynamic behaviour of the c-director in a system for
which the smectic layers are assumed to be fixed, the
z-component of the torque equation (7) is the relevant
one to study [6], while the countertorque needed to
stabilize the layers can be calculated by the aid of the
x- and y-components of this equation. This is because
the symmetry of the system implies that the most general
form the countertorque can adopt is given by [6]

re=Trg+ Iy (15)

where I, and I are the x- and y-components of the
countertorque, respectively.

The z-component of the elastic torque can be calculated
as [6,30]

a el a a el a a el a a el
oo (B_28% 20 2k o
0¢ Ox 3op, Oy 0p, Oz 0.

where g is the elastic free energy density which is given
by [15, 31]

el

1
g ==A,(b VXC)2+ §A21(C V)(b)2

1

+1BVb2+1BV 2
21( ) 22( c)

N =

1 1
§B3|:§(b Vxb+c¢c Vxe)+ qi[z

+

+ Bis(V b)l}(b Vxb+ec ch)]

+ Ci(V )b Vxeo)+ Co(V e)e Vxh). (17)

In this expression A4;, B; and C; are the elastic constants
of the system, ¢ is the wave vector of the pitch, and § is
a material constant related to an inherent tendency of
the smectic layers to be non-planar [31]. The unit
vectors b and ¢ are those already defined in figure 1.

Similarly, the electric torque can be calculated as

0gé 0 0g¢ 0 o0g® 0O ogt
(i g g g)(lg)

Ié= — - ———  ——
0 0x 0¢. 0Oy 0, 0Oz d¢,

z

where g¢ is the electric free-energy density which, including
both the ferroelectric and the dielectric coupling, can be
written

1
g= —Esaso(n EY -P E (19)

where ¢, is the dielectric anisotropy of the molecules
and ¢, is the permittivity of free space. This expression
neglects the dielectric biaxiality [32] which is of no
concern here as dielectric terms will be discarded anyway
in our treatment of the problem.

Equations (12), (13) and (17) define 20 viscosity
coefficients and 9 elastic constants. Using symmetry
arguments, it has been shown by Carlsson et al. [6, 15]
that these coefficients should be expected to exhibit
the following scaling properties with respect to the tilt
angle 0:

T = %1 0, Ty = %20, T3 = %3 0, Ts = %5 0,

K1 =K0, Kk,=1,0 (20 a)
da= 000 dy=230% ds=Is0% o= Je0?,
e = 0%, ps=ps 0 (20b)
T, =T,0°, K3=10r30° (20¢)
s = i 0° (20d)
A=K+ A,0°, A,y=K+ 4,,0%
Ay = —K+ 4,02 (21a)
B,=B,0’, B,=B,0°, By= B0’ (21b)
Biy=B,0°, Ci=C0, C,=0C,0 (21 ¢)

where the constants i, 4;, i, T;, K, A;, B; and C; can
be assumed to be only weakly temperature dependent.
Furthermore, the coefficients u,, py, iz, A, and A4, which
are those remaining in the SmA* phase, should be
expected to be independent of the tilt, exhibiting only a
weak temperature dependence. It should be noticed that
essentially the same scaling of the viscosity coefficient
given by equations (20 a—d) has also been obtained by
Osipov et al. [33] in a calculation based on a statistical
mechanical model.

The advantage in introducing this scaling of the
material parameters is that one achieves a better under-
standing of how the governing equations, and thus
the quantities calculated from these, scale with respect
to 0. To make the scaling of the equations complete,
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one should also notice that the polarization is also tilt-
dependent. As a reasonable approximation, we assume
that the polarization is proportional to the tilt [ 34, 357,
an approximation which is good except when the system
is close to the transition to the SmA* phase. Thus we
introduce a weakly temperature dependent quantity P
according to

P, = PO. (22)

4. The dynamic equations governing the Goldstone
mode dielectric response with backflow

In this section, the dynamic equations governing the
response of the system in the presence of an electric
field, applied in the y-direction, are derived. The correct
equations to study are the z-component of equation (7),
governing the rotational dynamics of the c-director, and
the x- and y-components of equation (6), governing the
macroscopic flow of matter in the system. As was pointed
out in the previous section, the x- and y-components of
equation (7), for the balance of angular momentum, are
not discussed in the present work because, assuming the
smectic layers to be fixed, these two equations are merely
of use to calculate the stabilizing countertorque needed
to prevent the smectic layers from rotating [ 6, 127]. The
z-component of the equation for the balance of linear
momentum, equation (6), regulates the flow of matter
in the direction perpendicular to the smectic layers. One
can show using this equation [6] that, in most cases, a
motion in the system induces a pressure gradient in this
direction. Such a pressure gradient is the driving force
of permeation of molecules between the layers. However,
neglecting the possibility of the transport of material
between the smectic layers, this equation is not needed
here. We note also that the only spatial dependence
allowed for in the present model is along the helicoidal
axis, which coincides with the z-direction.

4.1. Balance of angular momentum: derivation of the
switching equation
Equation (7), which can be considered as an equation
for the balance of torques, can be expressed as

I+ e+ I°+ I'=0. (23)

The z-component of the elastic and electric torques, 1™
and 7%, are calculated from equations (16) and (18),
respectively, while the corresponding component of the
viscous torque /I, can be calculated [6] from the anti-
symmetric part of the stress tensor, equation (13),
according to

(24)

Ii=cyh,=1,-1,=21

a
yx:

Substituting the ansatz given in equations (5 a—g) into
the expressions of the elastic (17) and electric (19)
energies, and only retaining linear terms in the electric
field, then the sum of these two energies is given by

1
g+ g8=§Bs(¢’—q)2—PoECOS¢ (25)

where ¢' denotes the spatial derivative d¢/dz. From
equations (16), (18) and (25) the sum of the elastic and
electric torques is now calculated as

I+ I't = By¢" — P Esin ¢. (26)

The viscous torque can be divided into two parts.
These are the shearing torque I°, being the torque
acting on the director due to velocity gradients, and the
rotational torque /™ which is the torque that appears
whenever the director is rotating. Thus in the case
studied in this work, the shearing torque corresponds to
the torque proportional to the velocity gradients,
dv du

’ ’

“a Tz 27)
while the rotational torque is the torque proportional
to the time derivative of the phase of the c-director, ¢.
Due to the linearity of the stress tensor, I° and /™ can
be calculated separately. Starting with the rotational
torque, and only retaining terms that are proportional
to ¢, the rotational part of the antisymmetric stress
tensor is given by

?ar

i = As(éje; — ¢iep)+ 1s(¢ia; — ¢a;). (28)

From equations (5), (24) and (28), the z-component of
the rotational torque is calculated as

I = —2Js¢. (29)

Thus it is clear that the viscosity associated with
director rotations, often denoted as the Goldstone mode
rotational viscosity, v, can be expressed as

V6 = 24s. (30)

To confirm the entropy production of the system to be
positive, it is possible to show that the following
inequality must hold [6]:

Js > 0. (31)

The shearing torque is calculated from equations
(9)—(11), (13) and (24) by neglecting the time derivatives
d; and ¢; in equation (11). Substituting the ansatz (5)
into equations (9)—(11), the only non-zero components
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of the quantities are

1 1
sz:szZEV/9 Dyz:DZ)‘ZEu/ (32)
1 1
W= = W= W= —W,=-u (33)
Da—l’Da— ’D“—l’ ¢+l/,¢
x_2v9 y_2u9 z_zv COs 2“ Sin
(34)
1 1 1 1
A= —Ev’, A, = —Eu’, CZ=EV/COS¢+ E“/Sin¢~
(35)

The z-component of the shearing torque now takes the
form

= (ts — 1)@ cos ¢ — V' sin @). (36)

The switching equation is now obtained by adding the
torques given by equations (26), (29) and (36), putting
the sum equal to zero,

By¢" — PoEsin ¢ = 25+ (15 — 1,)(v' sin ¢ — u' cos ¢).
(37)

Comparing this equation with equation (4) one notices
that backflow effects introduce the additional term pro-
portional to (ts —7;) on the right hand side of the
switching equation. To investigate how this term affects
the solution of this equation, we have to study the
balance law of linear momentum, equation (6), in order
to obtain equations governing the quantities v(z) and

u(z).

4.2. Balance of linear momentum
The equation for the balance of linear momentum is
now derived. Neglecting the inertia of the system and
assuming that no external body forces F; are present,
the x- and y-components of equation (6) reduce to

f.=0, 1,..=0 (38)

yz,z

if the only spatial dependence allowed for in the model
is a z-dependence. Equation (38) can be integrated to
read

f.=1., [ =1 (39)

Xz X yz y
where the integration constants 7, and 7, represent the
force per unit area exerted on the glass plates surround-
ing the sample. Assuming this force to be negligible,
equation (39) reduce to
=0, 7,.=0. (40)

t

Xz

In the same manner as described for the torque
equation, the stress tensor can be divided into one

rotational part and one shearing part. However, in the
treatment of linear momentum not only the antisym-
metric part, but also the full stress tensor needs to be
considered. The rotational part, 7};, can be expressed as

7= Aa(¢ici+ ¢e)+ Ti(éa;+ ¢;a,)+ As(éje; — ¢éic;)

+ 15(¢;a; — ¢;a;) (41)

where only terms that are proportional to ¢ have been
retained. Substituting the ansatz given in (5) into
equation (41), the two components of the stress tensor
of interest here, are calculated as

.= (15— Tl)é sin ¢

.= —(ts—-1 )¢ cos ¢.

(42 a)
(42b)

In order to calculate the shearing part of the stress tensor,
equations (32)—(35) are substituted into equations (12)
and (13):

1
i, = Ev’[,uo+ Wy — 2A+ 24

+ (a4 ps+ 22, — 2034 As+ Ag) cos® ¢]

1
+ Eu’(,u4+ Us+ 22, — 223+ As+ Jg)sin ¢ cos ¢

(43 a)

1
.= 3 V(g + ps+ 20, — 223+ As+ ) sin ¢ cos ¢

1
+ Eu’[,uo+ o — 22+ A4

+ (a4 ps+ 22, — 2034+ As+ Ag)sin® ¢].
(43b)

From equations (40), (42) and (43), the final balance
law for linear momentum is derived:

VIto+ ta — 221+ A4

+ (a4 ps+ 225 — 2054 As+ Ag) cos” ¢]

+ U (st ps+ 24, — 243+ As+ L) sin ¢ cos ¢

+2(ts— 1 )dsing =0 (44 q)

V(ua+ s+ 20, — 223+ As+ Ag)sin ¢ cos ¢
+ u[po+ =220+ A4
+ (fat ps+ 275 — 203+ As+ Jg)sin’ @]
—2(1s — 71) cos ¢ = 0. (44 b)

The dynamic behaviour of the system studied is now
given by equations (37) and (44).
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5. Solution of the dynamic equations: renormalization
of the switching equation

Equations (37) and (44) represent the set of equations
governing the dynamic behaviour of the system when
backflow effects have been taken into account. By com-
paring equations (37) and (4) one notices that backflow
effects manifest themselves through the presence of the
term (s — 7,)(v' sin ¢ — ' cos ¢) on the right hand side of
the switching equation. In order to perform a quantitative
investigation of how backflow effects influence the
rotational motion of the system, we rewrite this term by
the aid of equations (44). Introducing the abbreviations

T, = (TS _ Tl) (45 Cl)
1

Na=5Hot 2 =20+ 4) (435)
1

Nec = E('u4+ Us + 2/12 — 2/13 + /15 + /16) (45 C)

equations (44) can then be written in a more condensed
form:

V(Ha+ 1c cos® §)+ u'ne sin ¢ cos ¢+ ¢ sin ¢ =0
(46 a)
Vije sin ¢ cos ¢+ u'(a + nc sin® ¢) — ¢ cos ¢ = 0.
(46 b)

From these two equations v' and u' can be expressed as

y = —ni(/}sind) (47 a)

T .
u'=—a¢ cos . (47 b)
Na
Substituting equation (47) into equation (37), the final
form of the renormalized switching equation is obtained:

2
B,d" — P,Esin = (z),s - i)¢5. (48)
A
Comparing this equation with equation (4), one con-
cludes that backflow effects influence the rotational motion
of the director in such a way that the rotational viscosity
v 1s renormalized into an effective rotational viscosity
according to
2

eff To
Ve =2As — —. (49)
Na

6. Discussion
In this work the role of backflow effects in the
switching dynamics of a ferroelectric SmC* liquid
crystalline cell has been theoretically investigated. The
geometry of the system studied is depicted in figure 1. If
the sample studied is sufficiently thin, and the director is

strongly anchored to the substrates, the system represents
a surface stabilized ferroelectric liquid crystal cell
[36]. For such a system, the role of backflow has been
discussed elsewhere [16, 17]. If, on the other hand, we
study a sufficiently thick sample for which the influence
of the substrates on the anchoring of the director can
be neglected, the situation models the experiment deter-
mining the Goldstone mode diclectric susceptibility.
Here the macroscopic flow is expected to be a two-
dimensional velocity field according to the ansatz given
by equation (5f). This is the case studied in this work.

The key result of the present work is the renormalization
of the switching equation which, in its final form, can
be expressed by equation (48). From this equation one
notices that the qualitative behaviour of the dielectric
response of the system is unaffected by the backflow.
However, the Goldstone mode rotational viscosity,
regulating the relaxation frequency of the system, is
renormalized accordingly. Thus we can define an effective
Goldstone mode rotational viscosity according to
equation (49). It can be proven [6] by the study of
entropy production that the viscosity coefficient 15 must
be positive. Concerning the two viscosity coefficients 1,
and na, which enter the renormalization factor, it is
possible to show [6] that these must also be strictly
positive for a system composed of molecules of rod-like
symmetry. The inequalities relevant to the present study
can now be summarized as

As>0, 7,>0, ny>0, |ncl<na (50)

and we can conclude that the renormalization of y¢ is
such that y5" always decreases due to the backflow. Thus

the corresponding relaxation frequency [4, 19]

_ Bsqz
- 2y

e (51)
always increases when backflow is present in the system.
The conclusion that backflow effects speed up the
response of the system is consistent with the results from
the calculations by Carlsson et al. [16,17] where it is
shown how backflow decreases the response time of the
switching in a surface stabilized liquid crystal cell.

In equations (20) the scaling of the material para-
meters with respect to the tilt is given. Using this scaling,

one can rewrite the expression for Y5 as

- = \2
yerr = [215 JEony ; o) ]92. (52)
A

It is the quantity within the parenthesis that corresponds
to the physical viscosity of the rotational motion of the
system [37], while the factor 0* is merely a geometrical
factor present because the motion along the smectic
cone degenerates towards one point when the system
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approaches the SmC*-SmA* phase transition. In con-
clusion, in the present work we have shown how back-
flow effects influence the behaviour of a SmC* liquid
crystalline system in a dielectric experiment. One should
observe that, when the tilt dependence of the rotational
viscosity has been taken into account, the viscosity
which is measured in the experiment is not 245 but the
renormalized viscosity 215 — (s — T;)*/ya. When com-
paring this result with results obtained by other experi-
mental techniques, one must be aware that different
geometrical arrangements generally permit different types
of backflow and accordingly are associated with different
renormalizations of the rotational viscosity.

The answer to the question of how pronounced back-
flow effects are in a real experiment is of course given
by how large the renormalization of ¢ is, and can be
quantified by defining the parameter x according to

- = \2
W kY M (53)
25Na
where the limit of the magnitude of x comes from the
fact that we should never expect the system to become
infinitely fast. Using equations (52) and (53) one can

now write ¥4 as

vl = 275(1 - K)0? (54)

and it is easy to see that whenever the quantity x is
small, backflow effects should be expected to be negligible.
Unfortunately, to date rather little experimental infor-
mation about the values of the viscosity coefficients of
the SmC* phase exists, so we can make no statements
regarding the experimental value of x. However it is
clear from other experiments [38] that the coupling
between director reorientations and macroscopic flow in
the SmC* liquid crystalline systems can be important.
Thus one of the urgent tasks to be undertaken in current
reasearch concerning the dynamical behaviour of the
SmC* phase is to determine the viscosity coefficients of
this system experimentally.
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