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Dielectric properties of twist grain boundary phases: Influence of the anchoring and the distance
between grain boundaries
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F-59655 Villeneuve d’Ascq Cedex, France

C. Legrand
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The dielectric properties of the twist grain boundaries TGBA and TGBC of liquid crystal phases differ from
the smectic-A and smectic-C* phase ones: a theoretical model confirmed by experimental results shows that
the Goldstone mode of the TGBC phase and the soft mode of the TGBA phase are strongly reduced. This
behavior is due to elastic strain, which is connected to two parameters: the anchoring at the grain boundaries
and the distance between the grain boundaries. It is shown quantitatively that a relatively flexible anchoring in
the TGBA phase becomes rigid in the TGBC one. The relaxation frequencies of these modes allow analysis of
the rotational viscosity variations.
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I. INTRODUCTION

In 1988, Renn and Lubensky proposed a theoretical st
ture of the twist grain boundary~TGB! phases@1#. Since the
synthesis of the TGBA phase by Goodbyet al. in 1989 @2#
and the TGBC phase by Nguyenet al. @3# in 1992, several
studies have been devoted to these phases@4–8#. The TGBA
and TGBC structures have been established from optical
x-ray studies@5,6#: the TGBA and TGBC phases are twisted
structures, made up by blocks of smectic-A ~Sm-A) and Sm-
C. Optical studies of the helical pitch@4,7# show that the
helical pitch varies from approximately a micrometer to
fraction of a micrometer and bears variations that are typ
of phases and phase sequences. X-ray studies@5,6,8# show
that the helical axis is parallel to the smectic layers in TGA
and is tilted in the TGBC phase with an angle close t
smectic-C tilt angle; these studies also led to the determi
tion of the number of TGB blocks per pitch.

The first studies of dielectric properties show that in t
TGBA @9–13# and TGBC @13# phases, like in the Sm-A and
Sm-C* phases, the electric field induces amplitude fluct
tions of the tilt angle~soft mode@14,15#! and phase fluctua
tions of the tilt angle~Goldstone mode@14,15#!. Wróbel
et al. @11# show that in the TGBA phase, the soft mode re
laxation process behavior differs from that anticipated by
extended mean-field theory. Xuet al. @12# show also the ex-
istence of the soft mode in the TGBA phase and highlight the
existence of a low frequency mode assigned to the relaxa
process in the grain boundaries. Our preliminary studies
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dielectric properties of the TGBA and TGBC phases@13# con-
firm the existence of the soft mode in the TGBA phase and
show the existence of a Golstone mode in the TGBC phase.
We highlighted the dielectric behavior difference betwe
TGBA and TGBC phases and put into evidence the influen
of the block structure: the TGB phase relaxation proces
have lower amplitudes and higher frequencies in compari
with those of classical Sm-A and Sm-C phases.

In this paper, we report a detailed study of the dielect
properties of the TGBA and TGBC phases when the electri
field is parallel to the helical axis. A theoretical model
given in the first part. It leads to the expressions of the
electric amplitudesDe and relaxation frequenciesf c of the
two modes. New elastic parameters are introduced and ju
fied, depending on the size of the TGB blocks and on
strength of the anchoring at the grain boundaries. The sec
part concerns experimental studies of the first chemical se
with the TGBC phase synthesized by Nguyenet al. @3# and
characterized by a rich polymorphism. Experimental resu
obtained in several compounds bearing Sm-C* , Sm-A,
TGBC , TGBA , and N* phases are reported and analyze
the block structure and the block size clearly influences
dielectric properties of the TGB phases. The anchor
strength at the grain boundaries, and its variations accord
to temperature are deduced from experimental results.
rotational viscosities close to the Sm-C* -TGBA and
Sm-C* –TGBC phases transitions are analyzed.

II. THEORY

A. TGB structure

In the following, we will only consider one block of the
TGB structure; other blocks have the same features. Figu
ic
©2001 The American Physical Society01-1
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ISMAÏLI, BOUGRIOUA, ISAERT, LEGRAND, AND NGUYEN PHYSICAL REVIEW E65 011701
shows the structure of thej th block, which is turned by an
angleC j5 j (2p/p) l b around the helical axis with respect
a reference block (j 50); p represents the helical pitch an
l b the block width. Two reference systems, (OXYjZj ) and
(OxjYjzj ), are used to describe the TGB structure. The fi
one is connected with the grain boundary (YjZj ) planes and
the helical axisOX. The second one is connected with t
smectic layer (xjYj ) planes and the layer normal (Ozj ). Ac-
cording to Navailleset al. @5,6#, the TGBC structure is he-
lielectric; the spontaneous polarizationPS lies alongOYj ,
and the first reference system (OXYjZj ) is rotated by an
angleuS around theOYj axis with respect to the second on
(OxjYjzj ), uS being the spontaneous tilt angle. For t
TGBA phaseuS50 and the two systems coincide.

The director components in the layers system is given

nxj
5sinu cosw,

nYj
5sinu sinw, ~1!

nzj
5cosu.

u andw are, respectively, the well known director tilting an
azimuthal angles.

The director components alongOX and OZj directions,
nX and nZ j , are linear combinations ofnx j and nz j in
OXYjZj ,

nX5cosusnxj
2sinusnzj

,

FIG. 1. Block structure of the TGBC phase.
01170
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nZj
5sinusnxj

1cosusnzj
. ~2!

At zero field,u50 andw is indefinite in TGBA , u5uS and
w50 in TGBC . Nonzero field induces director tilt and az
muthal angle changes, but is not supposed to induce any
or rotation of the layers.

B. Free-energy density

Let us introduce the free-energy density of the TG
phases, when an electric field is applied,

g5g01Eelast2PW •EW .

g0 is a simple Landau expansion describing the smec
A–smectic-C transition,

g05
1

2
au21

1

4
bu41

1

2e0x
~PX

21PYj

2 1PZj

2 !

2C~PYj
u cosw2Pxj

u sinw!, ~3!

wherea is supposed to be temperature dependent:a5a(T
2T0), T0 representing the Sm-A–Sm-C transition tempera-
ture in the case of a nonchiral compound,b is positive, andC
expresses the linear coupling between the tilt and the po
ization. In particular, Eq.~3! leads to the expressions of th
spontaneous polarization and tilt of the Sm-C phase:Ps

5e0xCus , us5Aa(TC2T)/b with TC5T01e0xC2/a.
The polarization componentPxj

can be developed as

Pxj
5PX cosus1PZj

sinus .

Eelast is the elastic distortion energy of the nematic direc
in the smectic layers; we will indeed see that the directo
components in a given block submitted to an electric fi
are not constant: a twist deformation is expected when
field is perpendicular to the helical axis, but other orien
tions can also give rise to splay distortions@13#.

C. Director rotations induced by an electric field parallel to
the helical axis in the TGB phases

Figures 2 and 3 schematically describe the azimut
anglew and tilt angleu induced in TGBC and TGBA phases

FIG. 2. Molecular rotation around the cone induced by the el
tric field in the TGBC phase.
1-2
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submitted to an electric field parallel to the helical axis.
the TGBC phase, the field component along the smectic l
ersExj

5EX cosuS is perpendicular to the spontaneous pol

ization PW S5e0xCuS uW Yj
, whereuW Yj

is a unit vector parallel

to OYj . Figure 2 schematically shows that, in the smec
layers, induced molecular rotations around the cone are
pected because of the torque exerted by the field on the
larization. They correspond to the so-called Goldstone mo

In a given block, the rotation is not uniform: if the gra
boundary exerts some anchorage on the director, we can
sonably assume that it is larger in the center of the block
weaker near the grain boundary. There appears then, a so
twist deformation of the director, this deformation induces
elastic torque.

Figure 3 schematically shows that we can expect a
mode in the TGBA phase connected to a field induced pol
ization PW i . The wholeEW X field is efficient to create it as, in
the TGBA phase,uS50 and soEW xj

5EW X . If the induced tilt-
ing is not uniform, there appears again a twist deformation
the director.

We finally remark that in such a description, the induc
rotationu(X) in the TGBA andusw(X) in the TGBC are in
fact mean values of two variable functionsu(X,Yj ) and
usw(X,Yj ) which areYj averaged over the distance betwe
two screw dislocations. We also note that these effects aj
independent: all blocks are subject to the same phenom

D. The Goldstone mode of the TGBC phase

For the TGBC phase, the free energy can locally be wr
ten as

g5
1

2
a~T2T0!uS

21
1

4
buS

41
1

2e0x
~PX

21PY
21PZ

2!

2C@PYj
uS cosw2~PX cosuS1PZj

sinuS!uS sinw#

1
1

2
K22uS

2S dw

dXD 2

2PXEX . ~4!

The term 1
2 K22uS

2(dw/dX)2 is the energy density assoc
ated to the twist deformation. Minimization of Eq.~4! with
respect toPZj

, PYj
, PX , andw gives

FIG. 3. Tilt angle induced by electric field in the TGBA phase;
distortion due of the anchorage at the grain boundaries.
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-
-

c
x-
o-
e.

ea-
d

t of
n

ft
-

f

d

a.

PZj
52e0xCuS sinuS sinw, ~5!

PYj
5e0xCuS cosw, ~6!

PX5e0xEX2e0xCuS cosuS sinw, ~7!

C@PYj
sinw1~PX cosuS1PZj

sinuS!cosw#2K22uSS d2w

dX2D
50. ~8!

ReplacingPX , PYj
, andPZj

in Eq. ~8! leads to

uS

d2w

dX2
.

e0xCEX cosuS

K22
, ~9!

then

uS

dw

dX
5

e0xCEX cosuS

K22
X, ~10!

the solution is a parabolic deformation,

uSw5
e0xCEX cosuS

2K22
FX22S l b

2b D 2G . ~11!

In this expression, the coefficient 0<b<1 describes the
molecular anchoring at the grain boundaries: if the anchor
is rigid, b51 andw50 for X56 l b/2; if the anchoring is
not rigid (bÞ1), w50 for a fictive distanceX05 l b/2b,
which is larger thanl b/2.

The mean rotation can then be calculated for2 l b/2,X
, l b/2 and the mean polarization^PX& along the applied field
(^PX& is j independent andPYj

and PZj
disappear after av-

eraging on a pitch period!,

^uSw&5e0xCEX cosuSl b
2 1

8K22
S 1

3
2

1

b2D ,

^PX&5e0xEX1
~e0xC cosuS!2

8b2

12b2/3

K22

l b
2

EX5e0xEX1e0DeGEX .

~12!

The dielectric strength of the Goldstone mode is then~see
^PX&)

DeG5
e0x2C2

8b2

12b2/3
K22/ l b

2

cosuS
25

e0x2C2

H2
cosuS

2 ~13!

in which we call H2 the elastic parameter that forms th
denominator,

H25
8b2

12b2/3

K22

l b
2

. ~14!
1-3
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We can note that cos2 us is the result of two projections
projection of the applied fieldEX on the smectic planes an
projection on theX direction of the dipoles induced in th
smectic planes. This geometric factor is almost equal to u
since the tilt value is rarely higher than 15° in the TGBC
phase@22#. We conclude that the Goldstone mode amplitu
is attenuated by the elastic parameterH2. This parameter
plays for the TGBC phase a similar role asK33 q2 in a
classical Sm-C* chiral phase with a pitch wave vectorq
52p/p.

The elastic termH2 that limits the Goldstone mode in th
TGBC phase is so interpreted as a consequence of ancho
effects at the grain boundaries inducing twist deformations
the director.

E. The soft mode in the TGBA phase

The problem can be solved in a similar way for the TGA
phase. The local free energy density is written as

g.
1

2
a~T2T0!u21

PX
2

2e0x
2CPXu1

1

2
K22S du

dXD 2

2PXEX .

~15!

Minimization of Eq.~15! gives

PX5e0xEX1e0xCu,

a~T2TC!u2K22

d2u

dX2
2e0xCEX50. ~16!

The solution, more complicated than for the TGBC phase,
is

u5
e0xCEX

a~T2TC! S 12
eX/a1e2X/a

el b/2ba1e2 l b/2baD . ~17!

In this formula, a is a characteristic length,a
5AK22/a(T2TC); b has the same significance as abo
u50 for a fictive distanceX05 l b/2b which is larger than
l b/2 if the anchoring is not rigid (b,1). If we assume a hard
anchoring, the theoretical director profile is quite similar
the one obtained by Beldon and Elston@16# who studied hard
anchoring surface effects in Sm-A phases.

The average values can then be calculated for2 l b/2,X
, l b/2,

^u&5
e0xCEX

a~T2TC! S 12
2a

l b

el b/2a2e2 l b/2a

el b/2ba1e2 l b/2baD ,

^PX&5e0xEX1
e0

2x2C2

a~T2TC! S 12
2a

l b

el b/2a2e2 l b/2a

el b/2ba1e2 l b/2baD EX .

~18!

This last formula does not give a convenient expression
the dielectric strength connected to the soft mode~second
term of ^PX&), so we prefer the following approximate ex
pression:
01170
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Des'
e0x2C2

a~T2TC!1
8b2

12b2/3
K22/ l b

2

5
e0x2C2

a~T2TC!1H2

~19!

with again,

H25
8b2

12b2/3

K22

l b
2

. ~20!

In the TGBA phase, the soft mode is limited by thermic an
elastic effects; the elastic strain is due to anchoring effect
the grain boundaries inducing twist deformations of the
rector. We conclude that the soft mode of the TGBA phase is
not only limited by thea(T2TC) thermic parameter like in
classicalA phases, but also by theH2 elastic one.

F. Dynamic properties

A sinusoidal time dependent field with frequencyf is now
applied to the system,

EW X~ t !5EW Xej 2p f t.

The equations have then to include the rotational visco
ties gG8 for the Goldstone mode of the TGBC phase,gs for
the soft mode of the TGBA phase. For the TGBC phase, the
torque equation~8! @including Eqs.~5!–~7!# becomes

e0xCEX cosus2K22uS

d2w

dX2
.2 j 2p f gG8 usw ~21!

and for the TGBA phase, the torque equation~16! becomes

2e0xCEX1a~T2TC!u2K22

d2u

dX2
52 j 2 p f gsu.

~22!

The resolution of these equations leads to the mean va
of the induced polarizations connected to the Goldstone
soft modes. In the TGBC phase

^PXG
&5

e0
2x2C2 cosus

2

j 2p f gG8
S 12

2a

l b

el b/2a2e2 l b/2a

el b/2ba1e2 l b/2baD EX ,

~23!

1/a being the square root of the complex number 1/a2

5 j 2p f gG8 /K22.
In the TGBA phase

^PXs
&5

e0
2x2C2

a~T2TC!1 j 2p f gs

3S 12
2a

l b

el b/2a2e2 l b/2a

el b/2ba1e2 l b/2baD EX , ~24!

1/a being the square root of the complex number 1/a2

5@a(T2TC)1 j 2p f gs#/K22. Once again, these kinds o
1-4
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FIG. 4. Chemical formula of the chiral tolan
seriesnF2BTFO1M7.
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formulas containing hyperbolic functions of complex num
bers are not convenient, so we prefer the next approxim
expressions of the dielectric strengths.

For the Goldstone mode of the TGBC phase

êG~ f !.
e0~xC!2

H2

cos2 uS

11 j
f

f G

, ~25!

where f G is the relaxation frequency

f G5
H2

2pgG8
,

and for the soft mode of the TGBA phase

ês~ f !.
e0~xC!2

a~T2TC!1H2

1

11 j
f

f S

, ~26!

where the relaxation frequency is

f S5
a~T2TC!1H2

2pgS
.

We point out that the approximations leading, resp
tively, from Eqs.~18!, ~23!, and~24! to ~19!, ~25!, and~26!
are not immediate. We have verified their validity with th
help of numerical calculations in the TGBC phase for 0.5
,b,1 whateverl b is, and in the TGBA phase for 0.25,b
,1 and l b such that 0,H2 /a(T2TC),` ~we anticipate
here the experimental results!.

The main advantages of Eqs.~25! and ~26! are first, the
definition of a single relaxation frequency instead of a we
distribution, second, the clear separation of the ther
a(T2TC) and elastic (H2) contributions, and third, the sim
plicity of the elastic termH2 expressed with the anchorin
parameterb and the block widthl b .

III. EXPERIMENT

Four compounds of the chemical seriesnF2BTFO1M7,
synthesized by Nguyen@3#, are studied. Figure 4 depicts i
01170
te

-

k
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chemical formula. The exhibited phases sequences of
studied terms (n59 to 12! are summarized in Table I.

The dielectric measurement technique is described e
where@17#. The planar orientation of the samples is achiev
with a polyvinyl alcohol coating and rubbing. In order t
compare experimental results obtained on different co
pounds, all studied samples have roughly the same thick
(.25 mm), which is larger than the helical pitch. T
achieve a good alignment, the cells are filled by capillarity
the isotropic phase and cooled slowly to theN* phase. The
orientation is controlled by using a polarizing microsco
during the experiments. The applied electric field is perp
dicular to the Sm-C* helical axis and parallel to the
TGBC , TGBA , and N* axis. The measurements are an
lyzed using the Cole-Cole formula corresponding tom dis-
tributed relaxation process and a static conductivitys,

e!5e`1(
i 51

m
De i

11~ j f / f ci!
12a i

1
s

j 2p f e0
,

wheree` is the high-frequency limit of the dielectric permi
tivity, a i is the distribution parameter,f ci is the critical or the
relaxation frequency, andDe i is the dielectric strength. The
temperature dependencies of different dielectric proces
are reported and discussed.

IV. DIELECTRIC MEASUREMENTS RESULTS AND
DISCUSSION

A. Compound nÄ9

In addition to the Sm-C* andN* phases, this compoun
presents two smectic-A-like phases, namely Sm-A and TGBA
~see Table I!. At high temperature and far from the smecti
A–smectic-C phase transition, the dielectric amplitudes a
small and the relaxation frequencies high, particularly in
N* phase. Furthermore, the ITO artifact masks the relaxa
modes at high frequencies@15# and therefore it is difficult to
extract the accurate values of the dielectric strength and c
cal frequencies from the dielectric spectra@18#. For these
reasons, we do not give any experimental result in theN*
phase of this compound. Figures 5 and 7 show, respectiv
the dielectric amplitudeDe and the relaxation frequencyf c
s
TABLE I. Phase sequences of compoundsn59 –12 of thenF2BTFO1M7 . •, phase exists; -, phase doe
not exist.

n K Sm-C* Sm-A TGBC TGBA N* BP I

9 • • • - • • • •
10 • • - - • • • •
11 • • - • • • • •
12 • • - • - • • •
1-5
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variations versus temperature obtained in TGBA , Sm-A, and
Sm-C* phases in cooling. In the TGBA phase,De increases
from 0.95 at 100.4 °C to 2.7 at 97.4 °C andf c decreases
from 225 kHz to.77.4 kHz. In the Sm-A phase,De in-
creases from 2.7 to about 56 at the Sm-A–Sm-C* transition
temperature, which occurs at 90.3 °C, and thef c decreases to
reach 3 kHz. In the Sm-C* phase, the Goldstone mode am
plitude increases to approximately 130 and the critical f
quency decreases to reach a value lower than 1 kHz far f
the Sm-A–Sm-C* transition temperature.

In the Sm-A phase, the inverse of the dielectric streng
De21(T) and the relaxation frequencyf c(T) ~see Figs. 6 and
7! are linearly dependent on the temperature (T-TC) in ac-
cordance with the following formulas:

De21~T!'
a

e0x2C2
~T2TC!

and

f c~T!'
a

2pgS
~T2TC!.

The TGBA–Sm-A phase transition occurs at 97.4 °C. Th
transition is well identified by the slope changes ofDe21(T)
and f c(T). In the TGBA phase, the difference between th
experimental values and the values extrapolated from

FIG. 6. Points and lines:De21 versus temperature for th
9F2BTFO1M7 compound. Line: extrapolation ofDe21 of the Sm-A
phase to the TGBA phase existence domain.

FIG. 5. Dielectric amplitude (De) versus temperature for th
9F2BTFO1M7 compound.
01170
-
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Sm-A phase directly highlight the existence of theH2 elastic
parameter~see Figs. 6 and 7!. The contribution of this pa-
rameter to the inverse of the dielectric strength is added
the TGBA to thea(T2TC) one. TheH2 contribution starts at
the Sm-A –TGBA phase transition with a zero value an
increases with the temperature in the TGBA phase; this be-
havior is easily understandable via the variation of the TG
block width l b ; likewise the helical pitch,l b, diverges at the
TGBA–Sm-A transition and decreases at higher temperatu
@7,8#; a quantitative analysis will be done in Sec. V B.

The variations ofH2 also follow a linear law according to
the temperature. Table II summarizes the calculated slope
the inverse of the dielectric strength and the critical f
quency on both sides of the TGBA–Sm-A phase transition.

We can note from Table II thatDe21(T) and f c(T) varia-
tions versus temperature are more than three times larg
the TGBA than in the Sm-A phase. In addition, since in th
Sm-A phase

S d De21

d T D
Sm-A

5
a

e0x2C2
,

S d fc

d T D
Sm-A

5
a

2pgS
, ~27!

and in the TGBA phase

S d De21

d T D
TGBA

5
a

e0x2C2
1

1

e0x2C2

d H2

d T
,

FIG. 7. Points and lines: critical frequency versus temperat
for the 9F2BTFO1M7 compound. Line: extrapolation of the relax
ation frequency of the Sm-A phase to the TGBA phase existence
domain.

TABLE II. De21(T) and f c(T) slopes on both sides of th
TGBA–Sm-A transition of the 9F2BTFO1M7 compound.

dDe21/dT(°C21) d fc /dT(kHz °C21)

TGBA 0.23 50.5
Sm-A 0.07 14.3

Ratio TGBA /Sm-A 3.3 3.5
1-6
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S d fc

d T D
TGBA

5
a

2pgS
1

1

2pgS

d H2

d T
, ~28!

it appears thatdH2 /dT.2a. This result supposes that th
coefficiente0x2C2 and the viscositygS are constant in each
phase and do not vary from one phase to the other one.
assumption is confirmed by the following two facts.

~a! The ratios (d De21/d T)TGBA
/(d De21/d T)Sm-A and

(d fc /d T)TGBA
/(d fc /d T)Sm-A have approximately the sam

value.
~b! The product of the experimental dielectric streng

and the relaxation frequency (De3 f c5(e0x2C2/2pgs) in
theory! remains roughly equal and practically consta
(.200 kHz, see Fig. 8! on both sides of the TGBA–Sm-A
phase transition.

In conclusion, our study highlights the existence of
elastic parameterH2 in the TGBA phase whose contributio
to the dielectric behavior is added to the thermal coeffici
a(T2TC) characteristic of the Sm-A phase. The elastic pa
rameterH2 is equal to zero at the TGBA–Sm-A transition
and has the same magnitude asa(T2TC) a few degrees
higher. Therefore, in comparison with the Sm-A phase, the
soft mode amplitudes are weaker and the relaxation frequ
cies higher in the TGBA phase.

B. Compound nÄ10

Contrary to the previous compound, this one does
exhibit the Sm-A phase. Its phases sequence

FIG. 9. Dielectric amplitude versus temperature for t
10F2BTFO1M7 compound.

FIG. 8. De3 f c versus temperature on both sides of t
TGBA–Sm-A transition of the 9F2BTFO1M7 compound.
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Sm-C* , TBGA , N* . In theN* phase, the dielectric ampli
tudes are very small and the relaxation frequencies are h
so, for the same reasons as announced in Sec. IV A, m
surements of the dielectric spectra become accurate only
temperatures lower than 105.7 °C. Experimental res
obtained on cooling, in the temperature range
97 °C–105.7 °C, are drawn in Figs. 9–11. At 105.7 °C, t
dielectric amplitudeDe50.6 and overtakes 10.5 at 100.3 °
while the relaxation frequencyf c decreases from 290 kHz t
about 15 kHz. The TGBA–Sm-C* phase transition happen
betweenT5100.2 °C and 100 °C whereDe is roughly equal
to 40.

We can notice that in the TGBA phase,De is small andf c
high compared to the obtained values in the Sm-A phase of
the compoundn59: experimental values ofDe21 and f c are
about four times higher in the TGBA phase of the compound
n510 compared to the Sm-A phase ofn59. Figures 10 and
11 clearly show that H2 starts from zero at the
Sm-C* –TGBA transition and increases in the TGBA phase.
We can again understand this behavior vial b variations:l b
diverges at the TGBA–Sm-C* transition and decreases
higher temperatures@4,8#; the quantitative analysis will be
given in Sec. V A.

As for the n59 compound, the inverse of the dielectr
strengthDe21(T) and the relaxation frequencyf c(T) are
linearly dependent on the temperature in the TGBA phase.

FIG. 10. Points and lines:De21 versus temperature for th
10F2BTFO1M7 compound. Line:De21 for the Sm-A phase of the
9F2BTFO1M7 compound.

FIG. 11. Points and lines: critical frequency versus tempera
for the 10F2BTFO1M7 compound. Line: critical frequency for the
Sm-A phase of the 9F2BTFO1M7 compound.
1-7
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Calculated slopes of these curves are gathered in Table
Tables II and III show thatDe21(T) and f c(T) slopes are,

on one hand, of the same order of magnitude in the TGA
phases of the compoundsn59 andn510 and, on the othe
hand, four times higher than in the Sm-A phase of the com-
poundn59. The difference between the TGBA and the Sm-
A phases can again be explained by the elastic parameteH2
contribution: H2 is approximately three times larger tha
a(T2TC) andd H2 /d T.3a.

In the Sm-C* phase, the Goldstone mode is well r
solved: the dielectric strength increases swiftly from 40
100 °C to reach 118 at 99.3 °C and remains practically c
stant for lower temperatures; the relaxation frequencyf c is
then approximately equal to 1.5 kHz. This increase of
dielectric amplitude is probably due to the helical pit
(pSm-C* ) variations according to temperature. Indeed,
Sm-C* phase Goldstone mode strength is given by the
lowing formula @19#:

~DeG!Sm-C* 5
1

2

e0x2C2

K33qSm-C*
2 , ~29!

where K33 is the bend elastic constant andqSm-C*
5(2p/pSm-C* ) (DeG)Sm-C* is therefore closely related t
the helical pitch of the Sm-C* phase. Close to the
Sm-C* –TGBA transition, the helical pitch swiftly varies
from about 1 mm ~below 99 °C) to 0.6mm ~at 100 °C)
@4# ~this anomaly ofpSm-C* is very common!, so the swift
decrease of De, De(100)/De(99.3).1/2.95 can
be completely understood by the decreases
pSm-C* , p2(100)/p2(99.3).1/2.8. Moreover, this analysi
seems to indicate that once againe0x2C2 is quasi-
temperature-independent.

To study the behavior of the viscosities in the Sm-C* and
TGBA phases, we consider the productDe3 f c , which is
given by the following formula:

~De3 f c!Sm-C* 5
1

2

e0x2C2

2pgG
,

~De3 f c!TGBA
5

e0x2C2

2pgs
. ~30!

Figure 12 shows the experimental values ofDe3 f c varia-
tions according to temperature. One can see three dis
areas on this curve. In the Sm-C* phase, far from the tran
sition temperature, this product is practically constant a
equal to 180 kHz. It starts to decrease in the Sm-C* phase at
approximately 1.5 °C from the transition temperature

TABLE III. De21(T) and f c(T) slopes in the TGBA phase of
the 10F2BTFO1M7 compound.

d De21/d T(°C21) d fc /d T(kHz °C21)

TGBA 0.29 54.3
01170
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reach a value close to 125 kHz at the transition temperat
In the TGBA phase, it is nearly constant and close to 1
kHz.

This last value is similar to values found in TGBA and
Sm-A phases ofn59. The two compounds have then simil
soft mode viscositiesgS through these phases (TGBA for n
510, Sm-A and TGBA for n59). On the other hand, in the
Sm-C* phase ofn59 at temperatures lower than 98.5 °C
the Goldstone mode viscositygG appears to be quasicon
stant, with a value close to the half value ofgS @we point out
the presence in Eq.~30! of a coefficient 1

2 in the Sm-C*
phase and recall thate0x2C2 can be supposed constant#. At
higher temperature, between 98.5 °C andTC5100 °C, gG
increases by a factor of about 1.5@(De3 f c) decreases#. The
behavior of (De3 f c) in the Sm-C* temperature domain
@TC21.5 °C, TC# seems to reveal an anomaly of the rot
tional viscosity gG near the transition temperature, th
anomaly could be connected to the amplitudes of the m
lecular motions that are large at low temperature and bec
weaker close to the transition temperatureTC .

C. Compound nÄ11

The phases sequence of this compound
Sm-C* , TGBC , TGBA , N* , it presents successively tw
TGB phases. Experimental results are drawn in Figs. 13–
Similarly to the previous compound, experimental spec

FIG. 12. De3 f c versus temperature on both sides of t
TGBA–Sm-C* transition of the 10F2BTFO1M7 compound.

FIG. 13. Dielectric amplitude versus temperature for t
11F2BTFO1M7 compound.
1-8
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DIELECTRIC PROPERTIES OF TWIST GRAIN . . . PHYSICAL REVIEW E65 011701
become exploitable in the lower limit of the existence d
main of theN* phase at 105 °C. At this temperature, th
dielectric strengthDeN* is .0.6 and the relaxation fre
quency (f c)N* is .150 kHz. TheN*-TGBA phase transi-
tion happens at 104.5 °C. In the TGBA phase, the dielectric
strength increases gently when decreasing temperatur
reach (De)TGBA

.1.8 at the lower limit of the existence do

main of this phase, the frequency of relaxation (f c)TGBA
is

.60.5 kHz. The TGBC-TGBA phase transition occurs a
102.9 °C. One can note that in spite of the change of
dielectric mode~soft mode in the TGBA phase and a Gold
stone mode in the TGBC phase!, the dielectric amplitudes
remain low and the experimental curves are continuous a
TGBA-TGBC phase transition. The dielectric strength i
creases from 2 at 102.8 °C to 6.1 at 102 °C and the re
ation frequency decreases from 58.4 kHz to 22.6 kHz.

The TGBC–Sm-C* transition starts at 101.9 °C and pe
sists 0.5 °C below this temperature. In this biphasic dom
two dielectric modes, which correspond to the Goldsto
modes of the TGBC and Sm-C* phases, are detected; th
dielectric strength~Fig. 13! increases rapidly with the
Sm-C* proportion to reach a value close to 105 right in t
Sm-C* phase at 101.4 °C, the critical frequency is th
equal to 1.3 kHz.

Except in the immediate vicinity of the transition tem
peratures, the inverse of the dielectric strength and the re
ation frequencies are linearly dependent on the tempera
in the N* , TGBA , and TGBC phases. The transition from
one phase to another appears by changes of the slopes~see
Figs. 14 and 15!. The TGBA-TGBC phase transition is more
clearly visible on the relaxation frequency curve in whi
appears a very visible anomaly. The calculated slopes in
TGBA and TGBC phases are gathered in Table IV. We c
see that these slopes differ approximately from 10% to 1
in the TGBA and TGBC phases. This difference can be a
signed to the nature of the relaxation mode~soft mode in the
TGBA phase and Goldstone mode in the TGBC phase!.

Unlike the H2 of compoundsn59 and 10, which start
from zero,H2 of compoundn511 is large from the begin
ning of the TGBA phase~Figs. 14 and 15!; this behavior is
related to the finite value of the block widthl b at the

FIG. 14. Points and lines:De21 versus temperature for th
11F2BTFO1M7 compound. Line:De21 for the Sm-A phase of the
9F2BTFO1M7 compound.
01170
-

to

e

he

x-

n,
e

x-
re

he

-

TGBC-TGBA phase transition. Indeed, for this compoundl b
diverges only for a lower temperature, close to t
TGBC–Sm-C* phase transition. When the temperature
creases,l b decreases andH2 increases linearly. The slop
d H2 /d T.6a is large compared to the values obtained
the previous compounds~approximately 2a for n59 and
3a for n510). In summary, in the TGBA , the soft mode
strength is very small and the relaxation frequencies v
high compared to those of the classical Sm-A phase.

In the TGBC phase, the Goldstone mode dielectr
strength is small compared to the Sm-C* phase, this means
that (H2)TGBC

@K33qSm-C*
2 @Eqs. ~25! and ~29!#: the Gold-

stone mode strength drops by a factor higher than 16 in
TGBC phase compared to that of the Sm-C* one.H2 will be
quantitatively studied in Sec. V for the TGBA and TGBC
phases.

The transformation of the TGBA soft mode into the TGBC
Goldstone one seems to be continuous. This behavior i
agreement with our theoretical predictions@see Eqs.~13! and
~19!#. In the TGBA phase, the thermal term,a(T2TC), con-
tribution to the dielectric relaxation becomes weak close
transition temperature, this term vanishes at the TGBA-TGBC
phase transition temperature; in the TGBC phase, the dielec-
tric strength is then only governed by the parameterH2. The
dielectric strength continuity at the transition between
TGBA and the TGBC phases seems then to show that t
e0x2C2 term is continuous at this transition. On the oth
hand, the behavior of the experimental relaxation freque
according to temperature seems to point out an anom
@20,21# of the rotational viscosity.

In order to estimate the viscosity, we study now the pro
uct De3 f c . The theoretical expressions are

FIG. 15. Points and lines: Critical frequency versus tempera
for the 11F2BTFO1M7 compound. Line: relaxation frequency fo
the Sm-A phase of the 9F2BTFO1M7 compound.

TABLE IV. De21(T) and f c(T) slopes on both sides of th
TGBC-TGBA transition of the 11F2BTFO1M7 compound.

d De21/d T(°C21) d fc /d T(kHz °C21)

TGBA 0.48 41.3
TGBC 0.43 49.8

Ratio TGBA /TGBC 1.1 0.8
1-9
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~De3 f c!Sm-C* 5
1

2

e0x2C2

2pgG
,

~De3 f c!TGBA
5

e0x2C2

2pgs
, ~31!

~De3 f c!TGBC
5

e0x2C2

2pgG8
cos2 us ,

wheregS is the TGBA phase soft mode viscosity,gG andgG8
are, respectively, the Goldstone mode viscosities of
Sm-C* and the TGBC phases. Note that the term cos2 us is
close to unity@22#.

The experimental values ofDe3 f c are plotted in Fig. 16.
Except near the transition temperatures this product is p
tically constant: about 130 kHz in the TGBC and Sm-C*
phases and slightly lower in the TGBA phase (.100 kHz).
This mean that the viscositiesgS in the TGBA phase andgG8
in the TGBC phase are quasiconstant. The soft mode visc
ity gS is slightly higher than the TGBC Goldstone mode
viscosity gG8 , gs.1.3gG8 . Moreover, the equality ofDe
3 f c in the Sm-C* and TGBC phases means that the TGBC

Goldstone mode viscositygG8 is twice higher than the
Sm-C* viscositygG : 2gG.gG8 @see Eq.~31!#. This result
seems to be abnormal since both modes concern mole

FIG. 17. Dielectric amplitude versus temperature for t
12F2BTFO1M7 compound.

FIG. 16. De3 f c versus temperature on both sides of t
TGBC–Sm-C* and TGBC-TGBA transitions of the 11F2BTFO1M7

compound.
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rotations on the smectic cones. These modes differ, howe
by their dielectric amplitudes, which are much larger in t
Sm-C* phase than in the TGBC ; the molecular movement
are thus much larger in the Sm-C* than in the TGBC phase;
the decrease of the viscosity at the TGBC–Sm-C* phase
transition can therefore be interpreted as a consequenc
the magnitude of these molecular movements.

In brief, the viscosity appears to be closely related to
magnitude of the molecular movements: the amplitudes
as high as the viscosity is small. The magnitude of the m
lecular movements seems to be more predominant in
TGB phases than the dielectric mode type.

D. Compound nÄ12

The phases sequence of this compound
Sm-C* , TGBC , N* . Compared to the previous compoun
this one does not present the TGBA phase~see Table I!. Ex-
perimental results obtained on cooling are given in the th
phases.

The dielectric strength, its inverse and the critical fr
quency are given in Figs. 17–19. In theN* phase, the di-
electric strength of the soft mode (De)N* is small but ap-
proximately two times greater than for then511 compound.
It ranges between 1 and 1.5 when the temperature va
from 104.8 °C to 104.2 °C. The relaxation frequency (f c)N*
decreases from roughly 100 kHz to 60.7 kHz for the sa
temperature interval. TheN* -TGBC phase transition occur

FIG. 18. De21 versus temperature for the 12F2BTFO1M7 com-
pound.

FIG. 19. Critical frequency versus temperature for t
12F2BTFO1M7 compound.
1-10
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DIELECTRIC PROPERTIES OF TWIST GRAIN . . . PHYSICAL REVIEW E65 011701
at 104.1 °C and spreads over 0.5 °C. TheN* phase disap-
pears completely at 103.6 °C. The existence temperature
main of the TGBC phase is 0.5 °C. In the biphasic domain
the N* and TGBC phases (103.6 °C<T<104.1 °C), mea-
sured spectra correspond to the contribution of two mod
namely, the soft mode of theN* phase, which is dominant in
the temperature range of 103.8 °C to 104.1 °C, and the G
stone mode of the TGBC phase. The distribution of the ex
perimental spectra does not allow to separate the two co
butions. The TGBC–Sm-C* phase transition starts to happe
at 103.1 °C, the TGBC phase vanishes at 102.6 °C. At th
vicinity of the TGBC–Sm-C* phase transition, two relax
ation modes are detected. They are the two well-resol
Goldstone modes of the TGBC and Sm-C* phases. As for the
previous compound and when the temperature decrease
dielectric strength De increases abruptly after passin
through the TGBC phase to reach 140 in the Sm-C* phase.
Once again, we can note that the Goldstone mode diele
amplitudes are much smaller in the TGBC than in the Sm-C*
phase. The critical frequency is approximately equal to
kHz in the whole Sm-C* phase.

On both sides of theN* -TGBC transition, the slopes o
the inverse of the dielectric strength are respectively, clos
0.60 °C21 in the N* phase and to 0.32 °C21 in the TGBC
phase~Fig. 18!.

Like for the previous compounds, we study now the pro
uct De3 f c in order to give an account of the viscosity vari
tions according to temperature. Figure 20 shows that in
TGBC and Sm-C* phases, the productDe3 f c is approxi-
mately constant, this means that the viscosities are also
siconstant in these phases. Considering Eqs.~31!, it appears
that the rotational viscositygG in the Sm-C* phase is twice
as small as the viscositygG8 of the TGBC phase though both
concern rotations on the cone. Once again, it seems
greater the molecular movements are, smaller the rotati
viscosity is.

V. ANCHORING STRENGTH AND DISCUSSION

We have seen above that the dielectric collective mode
the TGBA and TGBC phases are reduced in comparison w
those of the classical smectic phases Sm-A and Sm-C* . This
behavior is due to the elastic parameterH2, which is related
to the blocks size and the anchoring strength coefficientb at

FIG. 20. De3 f c versus temperature on both sides of t
TGBC–Sm-C* transition of the 12F2BTFO1M7 compound.
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the grain boundaries@see Eqs.~14! and ~20!#. Next we will
calculate, in the TGB phases, the anchoring strength an
variations according to temperature for all studied co
pounds.

A. nÄ10

In the TGBA phase, the anchoring strengthb can be cal-
culated by inversion of equation~19! using the dielectric
strength results,

b2

12b2/3
5

e0x2C2

8K22
l b
2FDe212

a

e0x2C2
~T2TC!G . ~32!

Three coefficients must be predetermined. The first o
can be deduced from the expression of the dielectric stren
of the Goldstone mode in the Sm-C* phase@see Eq.~29!#:
the quantity

F5
e0x2C2

8K22
5p2

K33

K22
S De

p2 D
Sm-C*

.p2S De

p2 D
Sm-C*

,

calculated from the pitch values and dielectric results in
Sm-C* phase, is found to be equal to 1285.

A second coefficient,a/e0x2C2, is the slope ofDe21

according to (T2TC) in the Sm-A phase. This quantity is
not available forn510 because this compound does not p
sess the Sm-A phase. For this reason, we use the values 0
obtained for then59 ~see Table II! and also for mixtures of
n59 and 10 compounds~not reported here!.

To calculate the last parameterl b
2 we use pitch values

measured by ourselves@4# and the values of the number o
blocks per pitchnb measured by x-ray diffraction by Na
vailles et al. @8#. The results, given in the Fig. 21, clear
show that both 1/p and 1/nb

2 have linear variations with tem
perature, sol b appears to vary like the square root of th
helical pitch, l b5AAp. Note that such a relation is quit
equivalent to the lawl b. l d ~distance between screw dislo
cation! first predicted by Renn and Lubensky@1# and experi-
mentally confirmed by Navailleset al. @8#. We find an ex-
perimental valueA.2.2531022 very close to the theoretica

FIG. 21. (L), 1/p and (s), 1/nb
2 in the TGBA phase of

10F2BTFO1M7 compound.
1-11



s

B
i

e

th
fo
il-

t
b
-

t t

ic

le

he

of

se

de-
-
be

t
e

th the

the
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one,A5Ad/2p.2.4631022 in which d is the layer thick-
ness (d.3831024 mm) @22#.

The anchoring coefficientb can then be deduced from

b2

12b2/3
5FA2pFDe212

a

e0x2C2
~T2TC!G . ~33!

As both 1/p ~Fig. 21! andDe21 ~Fig. 10! vary linearly with
temperature,b is found to be quasiconstant: Fig. 22 show
that the calculated anchoring strengthb remains roughly
equal to 0.56 in the whole temperature range of the TGA
phase. We point out that, in order to avoid any artifact, it
essential to make a match withTC599.8 °C, the temperatur
for which the three quantities 1/nb

2 , 1/p, and 1/De reach
zero.

B. nÄ9

The anchoring strengthb at the grain boundary in the
TGBA phase of this compound is also determined from
relation ~33!. We use the same numerical coefficients as
the compoundn510; in particular, because of the unava
ability of the number of blocks per pitchnb , we adopt the
same lawl b5AAp with the same value of the coefficien
A(52.2531022); the pitch values had been measured
ourselves@23#. A difference lies in matching the tempera
tures: the helical pitch diverges in the present sequence a
TGBA–Sm-A transition temperature@23#, so we have to
make the temperature for which 1/p reduces to zero (p
→`) match the temperature of the TGBA-Sm-A phase tran-
sition determined by dielectric measurements and for wh
De212(a/e0x2C2)(T2TC) reaches zero ~that is, T
597.4 °C). As both 1/p and this last quantity vary linearly
with the temperature,b is again quasiconstant in the who
TGBA phase. We find a value ofb close to 0.5~Fig. 23!,
which is very similar to the anchoring strength found for t
previous compoundn510.

C. nÄ11

In the TGBA phase of this compound,b is again deter-
mined from Eq.~33!. Only the factor

FIG. 22. Anchoring strength versus temperature for
10F2BTFO1M7 compound.
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F5
e0x2C2

8K22
5p2

K33

K22
S De

p2 D
Sm-C*

.p2S De

p2 D
Sm-C*

is readjusted to take into account slightly different values
De and the helical pitchp in the Sm-C* phase (pSm-C*
50.9 mm, (De)Sm-C* 5100 at 101.3 °C, give hereF
51218);A anda/e0x2C2 are supposed unchanged. We u
our pitch measurement reported in@4#, taking care to adjust
two temperatures: the TGBA-TGBC transition temperature
detected here (102.9 °C) and the transition temperature
tected in the pitch measurements~the last temperature corre
sponds to a rapid increase of the helical pitch, which may
confused with a discontinuity@3,4#!. Figure 24 shows tha
the anchoring coefficientb is again quasiconstant in th
TGBA phase (b.0.45) and similar to those obtained forn
510 andn59 compounds.

In the TGBC phase, the anchoring strengthb can be cal-
culated by using the dielectric strength expression@see Eq.
~13!# rewritten as

b2

12b2/3
5

e0x2C2

8K22
De21l b

2 cosuS
2

or

e FIG. 23. Anchoring strength versus temperature for
9F2BTFO1M7 compound.

FIG. 24. Anchoring strength versus temperature for
11F2BTFO1M7 compound.
1-12
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b2

12b2/3
5FDe21

p2

nb
2

cosuS
2 . ~34!

We point out an important difference between TGBC and
TGBA phases: in the TGBA phase,nb shows large variations
according to temperature~between 60 and 40 for the com
poundn510 @8#, for example!; these variations are related
those of the helical pitch bynb

25p/A2, leading to the law
l b
25A2p; on the contrary, in the TGBC phase,nb remains

quasiconstant@5,22,24#, so l b
25(1/nb

2)p2 varies like the
square value of the helical pitch. This difference clearly a
pears in formula~34! compared to Eq.~33!. Figure 24 re-
ports the anchoring coefficientb calculated with Eq.~34!
using pitch values taken from@4#, number of blocks per pitch
nb.24, and values ofuS given by Navailles and co-worker
@22,5#. b increases from approximately 0.5 at th
TGBA-TGBC phase transition temperature (102.9 °C) to 1
lower temperature (102 °C). A hardening of the anchor
occurs then in the TGBC phase at temperatures going dow
away from the TGBC-TGBA transition.

D. nÄ12

Like for the last compound, the anchoring coefficientb in
the TGBC phase of then512 compound is determined b
using Eq.~34!. The numbernb of the TGB blocks per pitch
is equal to 18 and the tilt angleus.18° @22,5#. The coeffi-
cientF is readjusted by taking into account the values ofDe
and the helical pitch in the Sm-C* phase @pSm-C*
.0.85 mm and (De)Sm-C* .140 at 103 °C#. The helical
pitch values of the TGBC phase are taken from@4#. Figure
25, represents the anchoring strengthb variations versus
temperature:b.1 at low temperature (103.1 °C) and d
creases slightly down to approximately 0.8 near
TGBC-N* transition temperature (103.7 °C). The anchori
strengthb observed here is rather hard, like in the TGBC
phase of the previous compoundn511 at low temperature
and far from the TGBA phase.

FIG. 25. Anchoring strength versus temperature for
12F2BTFO1M7 compound.
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E. Discussion

In the TGBA phase, the dielectric amplitudes are low
than in the Sm-A phase. The anchoring coefficientb is not
large at the grain boundaries (b.0.5) and it is quasi-
temperature-independent. The three compounds studied
are significantly different. Figures 6, 10, and 14 allow co
parison of the temperature@a(T2TC)# and block width
(H2;1/l b

2) effects: forn59, H2 cancels out becausel b di-
verges at the TGBA–Sm-A phase transition, which occurs a
TC17.4 °C; for n510, H2 cancels out becausel b diverges
at the Sm-C* –TGBA transition, i.e., atTC exactly; for n
511, H2 is great atTC becausel b is finite ~its divergence
takes place at the TGBC–Sm-C* transition, that is, atTC
20.9 °C); at a given (T2TC) value, l b values are so very
different for the three phases sequences. In other words
three studied compounds allow to obtainH2 /a(T2TC) ra-
tios varying from 0 tò ~0 to .1 for compoundn59,.3
for n510, and from.10 to ` for n511). Nevertheless we
observe a common anchoring property in the three case

In the TGBC phase, what seems remarkable is the ha
ening of the anchoring when moving away from the TGBA
phase of the compoundn511 and the firmness of the an
choring observed in the TGBC phase of the compoundn
512 even at the approach of theN* phase.

We can now ask the question of the physical origin of t
anchoring coefficientb. Let us begin by the TGBC phase.
We tempt to explain its behavior with the help of the TGBC
phase description first given by Dozov@25# and backed up
by optical reflectivity experimental studies@26#. In this
model, the TGBC phase is not constituted by homogeneo
Sm-C* blocks with director rotations localized in the gra
boundaries; the rotation of the director is on the contr
uniformly distributed in all the block thanks to weak rot
tions easily realized on the smectic cone; Fig. 26~a! schema-
tizes such a twisted structure in the absence of applied fi
uSw0(X)52pX/p for 2 l b/2,X, l b/2; at the grain bound-
ary, the director is continuous and oriented along the in
section of the two smectic cones related to the two succ
sive blocks. The electric field exerts a couple that tends

e

FIG. 26. Top view of the TGBC j th block. ~a! At zero field, the
director is oriented according to the intersection of the two co
related to the two successive blocks.~b! Under an electric field, an
induced tilt angle ensures the director continuity.
1-13
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turn the director on the first cone to the left side of the gr
boundary and on the second cone to the right side of
grain boundary. If the spontaneous tilt angle of the cone
large~far from TC for the compoundn511, and in the whole
existence domain of the TGBC phase forn512), these two
movements would break the continuity of the director a
would provoke a splay deformation of very large energy d
sity. To ensure the continuity of the director, an additional
is then necessary@Fig. 26~b!#; its amplitude is aboutu i
5w0(l b/2)usw i . The associated energy density, localized n

the grain boundary, isa(Tc2T)w0(l b/2)
2 us

2w i
2 . An additional

torque, which is equal to 2a(Tc2T)w0(l b/2)
2 usw i , exists then

near the grain boundary. The anchoring at the grain bound
can so be understood as a consequence of this torque ind
by a tilt that must be added to the azimuthal rotation in or
to ensure the director continuity.

On the contrary, for the TGBA phase, the rotation of the
director is probably not uniformly distributed in the who
block @because a large tilt likeu0(X)5(2p/p)X would cost
an energy density much larger than the energy cost of
azimuthal rotationusw0(X) in the TGBC phase#. Schemati-
cally u0(X) is probably close to zero in the whole block an
rapidly jumps over a short distance through the grain bou
ary. In this area, the field induced tiltu i starts fromu0(X)
instead of zero; asu0(X) has rather large values, the electr
clinic effect can become weak; the overcost energy den

can be estimated using (b/4)u4, to about^ 3
2 bu0

2(X)&u i
2 . An

additional torque appears then in the grain boundary,
mean value being lower thanbu0(l b/2)

2 u i .

Briefly, the common origin of the anchoring in the tw
phases is the necessity to ensure the continuity of the dire
through the grain boundary: in the TGBA , the induced tilt
angleu i starts fromu0(X) instead of zero creating a sort o
saturation of the electroclinic effect in the vicinity of th
grain boundary; while in the TGBC phase, in addition to the
induced rotationw i , an induced tilt angleu i , which starts
from us , is necessary to avoid an important splay; this
has a large energy cost, in particular, far from t
Sm-A–Sm-C temperature transition and this may explain
larger anchoring.

Note that these considerations have to be taken only
qualitative: they do not allow us to precisely express
anchoring coefficientb according to various parameters; o
analysis only allows to give a possible justification to t
existence of the anchoring at the grain boundaries of
TGB phases, which appears in an obvious way in our exp
mental results.

Other justifications of the anchoring in the grain boun
aries can be invoked: for example, the melting of the sme
k,

R
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order around the dislocations lines. In the TGBA phase, the
loss of smectic order reduces the coupling between the
duced polarization and tilt@17,27#. In the TGBC phase, it
reduces the spontaneous polarization, diminishing the fi
induced azimuthal rotation~the basis of the Goldstone mode!
near the dislocations. The result is the anchoring of the
rector by the melted regions in which the electric field is le
efficient. We finally note that the last effect is also probab
larger in the TGBC phase for which the number of disloca
tions augments~the ratiol b / l d increases up to 7@4,22#!.

VI. CONCLUSION

Our theoretical and experimental studies of the dielec
properties of twist grain boundary phases TGBA and TGBC

show that in the planar orientation, these phases are, res
tively, subject to the soft and Goldstone modes. Nevert
less, these modes obey in these phases laws that notice
differ from the Sm-A and Sm-C* phase.

In the Sm-A phase, the main parameter that governs
soft mode is the distance to the Sm-A–Sm-C transition
@through the quantitya(T2TC)#. In the Sm-C* phase, the
parameter that governs the Goldstone mode is related to
field induced distortion of the helical structure~though
K33q

2). In the TGBA phase, appears a new elastic parame
H2, its effect is added the thermic one,a(T2TC). In the
TGBC phase, the dielectric response is totally governed
this new parameter. This elastic coefficient is due to the e
tic distortion of the director, its amplitude depends strong
on the anchoring forces at the grain boundaries and on
distance between these grain boundaries.

Our experimental studies show that the amplitudes
measured modes, in TGB phases, are small in compar
with those observed in Sm-A and Sm-C* phases; the action
of the new elastic coefficient appears to be very efficient
varies very much with temperature and its variations qu
tatively express the block size variations. We have perform
a quantitative analysis of our experimental results and h
calculated an anchoring parameter; it appears that the
choring strength is moderate in the TGBA phase and be-
comes hard in the TGBC one; this hardening seems to co
firm that, contrary to the torsion of layers located at the gr
boundaries, the director torsion is uniformly distributed
the blocks.

The relaxation frequencies studies reveal an anomaly
the rotational viscosity in the Sm-C* phase close to the
TGBA phase and above all an anomaly between the SmC*
and TGBC phases.
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