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We use a nondestructive technique of fluorescence confocal polarizing microscopy to visualize three-
dimensional director patterns of defects in Grandjean-Cano wedges filled with a cholesteric liquid crystal of
pitch p55 mm. Strong surface anchoring of the director causes a stable lattice of dislocations in the bulk.
Optical slicing in the vertical cross sections of the wedges allows us to establish the detailed structure of
dislocations and their kinks. Dislocations of Burgers vectorb5p/2 are located in the thin part of the sample,
very close to the bisector plane. Their cores are split into a pair oft21/2 andl11/2 disclinations. Pairs ofl21/2

and t11/2 disclinations are observed when theb5p/2 dislocation forms a kink. The kinks along theb5p/2
dislocations change the level of dislocations by6p/4 and6p/2; these kinks are confined to the glide plane
and are very long,~5–10! p. Above some critical thicknesshc of the wedge sample, the dislocations are of
Burgers vectorb5p. They are often found away from the bisector plane. The core ofb5p dislocations is split
into a pair of nonsingularl21/2 andl11/2 disclinations. The kinks along theb5p dislocation are of a typical
sizep and form cusps in the direction perpendicular to the glide plane. At the cusp,l21/2 andl11/2 disclina-
tions interchange ends. Other defect structures inlude ‘‘Lehmann clusters,’’ i.e., dislocations of zero Burgers
vector formed by twol21/2 and twol11/2 disclinations and dislocations of nonzero Burgers vector with a core
split into more than two disclinations. We employ the coarse-grained Lubensky–de Gennes model of the
cholesteric phase to describe some of the observed features. We calculate the elastic energy of a dislocation
away from the core, estimate the energy of the core split into disclinations of different types, study the effect
of finite sample thickness on the dislocations energy, and calculate the Peach-Koehler elastic forces that occur
when a dislocation is shifted from its equilibrium position. Balance of the dilation/compression energy in the
wedge and the energy of dislocations defines the value ofhc and allows to estimate the core energy of the
dislocations. Finally, we consider the Peierls-Nabarro mechanisms hindering glide of dislocations across the
cholesteric layers. Because of the split disclination character of the core, glide is difficult as compared to climb,
especially forb5p dislocations.
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I. INTRODUCTION

Cholesteric liquid crystals~CLCs! have a twisted ground
state with helical configuration of the directorn, which
specifies the average local orientation of molecules. Exte
fields and surface interactions can easily deform the id
helicoidal configuration. When the spatial scale of distortio
is much larger than the cholesteric pitchp ~corresponding to
the director twist by 2p), elastic properties of CLCs ar
similar to those of smectic phases with a one-dimensio
periodic structure@1,2#. If a CLC is confined within a finite
volume, the equilibrium structure is determined by bulk el
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stained withanisometricdye molecules~in this case, BTBP!
that follow the director orientation;~b! the excitation light is
polarized, usually linearly.

The FCPM setup was assembled on the basis of Olym
Fluoview BX-50 reflective-mode confocal microscope, F
2. The excitation beam~488 nm, Ar laser! is focused by an
objective into a small (,1 mm3) volume within the CLC
slab. The fluorescent light from this volume is detected b
photomultiplier tube in the spectral region 510–550 nm
pinhole discriminates against the regions above and be
the selected volume@32#. The pinhole sizeD is adjusted
according to magnification and numerical aperture~NA! of
the objective;D5100 mm for an immersion oil 603 objec-
tive with NA51.4. The polarizerP determines polarization
of both the excitation beamPe , and the detected fluoresce
light Pf : Pf iPeiP. The beam power is small,'120 nW, to
avoid light-induced reorientation of the dye-doped LC@33#.

For BTBP dye, the fluorescence lifetimetF5(3.7–
3.9) ns @34# is smaller than the characteristic time of rot
tional diffusion tD;10 ns, and dye orientations during a
sorption and emission can be assumed to be close to
other @28#. The FCPM signal, resulting from a sequence
absorption and emission, strongly depends on the angb
between the transition dipole~parallel to the local directorn
in our system! and P: I;cos4b @27,28#, as both absorption
and emission follow the dependency cos2b. The strongest
FCPM signal corresponds toniP (b50.176d]TJ
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lines with a period 2l . The distance between the last thin a
the first thick line is 1.5l , Fig. 3~b!. The corresponding ver
tical cross sections reveal the basic features of the def
listed below.

~1! The first line separating 0p and 1p Grandjean zones
is a twist disclination, Figs. 4~a! and 5~a!, typical of a nem-
atic, as the director experiences a slight splay remainin
the (x-z) plane to the left of the core and twists byp around
the z axis in the region to the right of the core.

~2! The thin lines separating Grandjean zones in the t
part of the sample,h,hc , @such as zones 2p and 3p, Fig.
4~b!; 13p and 14p, Fig. 4~c!# are all separated by disloca
tions with the Burgers vectorb5(0,0,1)p/2. Their core is
split into disclination pairst21/2l11/2, Fig. 5~b!. Another
possible splitting, intol21/2t11/2 pairs, is observed in tran
sient structures when the dislocationb5p/2 forms a kink,
i.e., a step that brings the dislocation to a differentz level,
see point~1! in the following subsection. Predominance
t21/2l11/2 pairs overl21/2t11/2 pairs has been explained b
Kleman@3#: the singular core int11/2 line is less spread an
thus costs more energy as compared tot21/2 singular core.

~3! The thick lines ath.hc are dislocations of Burger
vectorb5b(0,0,1); b5p, Fig. 4~d!, with the core split into
a l21/2l11/2 pair with a continuousn. Their singular coun-
terparts,t21/2t11/2 pairs, are never observed, as the singu
core would carry an additional elastic energy;K ln (p/rc),
whereK is an average Frank constant andr c!p is the core
size of the order of few molecular sizes@5#.

~4! The critical thicknesshc of the wedge at which the
lattice of b5p/2 dislocations is replaced withb5p disloca-
tions depends on the wedge dihedral anglea. Experimen-
tally, for the studied range 5 mrad,a,20 mrad, k
5ahc /p'0.08, Fig. 6, close to the Durand’s datak'0.12
@20#.
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B. Metastable structures: Kinks

Below we describe the defect textures that are not par
the equilibrium defect lattice and appear only as metasta
features.

~1! Kinks along b5p/2 dislocations. In the studied
wedges with a strong surface anchoring, both thin and th
lines are located in the bulk of the cell and never at
surfaces. Moreover, theb5p/2 dislocations accumulate in
the bisector plane or not farther thanp/2 from it. Initial fill-
ing of the cell might formb5p/2 dislocations in other loca
tions, but they relatively quickly move to the middle plan
The lines do not glide as the whole, but via kinks, Figs. 7 a
8. There are two types of kinks: kinks of height6p/4, Fig.
7, and kinks of height6p/2, Fig. 8. The6p/4 kinks are
more frequent; they are involved in the most common s
nario of dislocation glide, in which one6p/4 kink moves
along the dislocation line~along they axis!



l21/2l11/2 pair. The vertical cross sections 2–4y-z
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tilt, l21/2l11/2 would transform into a singulart21/2t11/2

core. At the cusp, thel21/2 disclination entering the kink
from one side transforms into al11/2 disclination leaving the
kink on the other side, Fig. 12. The kink atb5p dislocation,
therefore, has a complex structure with a cusp and in
change of thel11/2 andl21/2 disclinations; its size is of the
order ofp along all three coordinate axes, Fig. 12.

~3! Thick lines with b5p/2. The thinner part of the wedg
r-
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l21/2l11/2 geometry of the core, similarly to the kink de
scribed in point~2!.

In mechanical equilibrium, the sum of line tensions
individual dislocationsT i ’s at the dislocation node is zero
S iT i50, see, e.g., Ref.@6#. Thez shift is small~a fraction of
p) as compared to the radius of curvature of the dislocat
so that thez components ofT i ’s can be assumed to be muc
smaller than thex,y components. In this case, mechanic
equilibrium dictatesT0 /Tp/252 cosfp/2 , T0 /Tp52 cosfp

FIG. 12. 3D director field around and at the core ofl21/2, l11/2

disclinations in the kink shown in Figs. 9–11, as seen in~a! x-y
projection,~b! x-z projection,~c!, ~d! general 3D prospective.

FIG. 13. FCPM vertical cross sections and corresponding di
tor structures of defects with the total Burgers vectorb5p/2 com-
posed of~a!, ~b! closely locatedt11/2l21/2 and l21/2l11/2 pairs;
~c!, ~d!, ~e! transformation of the complex core into thet21/2l11/2

pair ~e! in the middle of the cell under application of the electr
field; ~f! shows the director structure in~c!.
f

n,

l

andTp /Tp/25cosfp/2 /cosfp ; the angles are defined in Fig
14. Experimentally,T0 /Tp/2'0.760.2, T0 /Tp'1.760.2,
and Tp /Tp/2'0.460.2. The inequalityTp,Tp/2 is directly
related to the split core structures of the defects, as we s
see in the following section.

IV. ELASTICITY OF DEFECT STRUCTURES

In what follows, we construct an elastic model of defe
structures in cholesteric Grandjean-Cano wedge. We trea
CLC as a lamellar mesophase and use the Lubensk
Gennes coarse-grained theory@1,2#, in which the free energy
density of layers displacements is of the form

f nl5
1

2
KS ]2u

]x2D 2

1
1

2
BF]u

]z
2

1

2 S ]u

]xD 2G2

, ~1!

where the compression elastic modulusB5K2(2p/p)2 and
the curvature modulusK53K3/8 are related to the Fran
moduli of twist (K2) and bend (K3), respectively. The two
constants define an important ‘‘penetration’’ lengthl
5AK/B, that equals (p/2p)A3K3/8K2 in the Lubensky–de
Gennes model. Experimental values ofl in CLC with p of
the order of few microns are indeed close to the theoret
value l5(p/2p)A3K3/8K2 @37#; for our material withp
55 mm, this theoretical value isl'0.7 mm. The contribu-

c-

FIG. 14. PM textures of the Grandjean-Cano wedge with defe
b50 connecting~a! b5p/2; ~b! b5p; ~c! one b5p/2 and oneb
5p dislocations.



tion 1
2 (]u/]x)2 in the compressibility term in Eq.~1! makes

the theory nonlinear; in linear approximation,

f l5
1

2
KS ]2u

]x2D 2

1
1

2
BS ]u

]zD 2

.
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whereEx-band is the energy of deformations within the infi
nitely long banduxu<jx ,

Ex-band52E
2jx

jx
dxE

jz

`

f ddz1Ec

5
Kb2

4pjxl
F211exp~22b!1Apb

2
erfA2bG1Ec.

~10!

Therefore, the far-field energyEf f can be written in two
equivalent forms,

Ef f5
Kb2

8A2pjzl
3/2FA 2

pb
exp~22b!1erf A2bG

[
Kb2

4pjxl
Fexp~22b!1Apb

2
erf A2bG . ~11!

Note that the relationship between the two forms is that
 f
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torque tending to deviate it from thex-y plane, i.e., to avoid
the singulart21/2t11/2 core. The same mechanism is respo
sible for the geometry of kinks along theb5p dislocations,
Fig. 12.

As the l21/2l11/2 dislocations preserve their core stru
ture upon deviations from they-axis and shift along thez
-
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EB~xd!5
B

2 F E
hN /tana

xd8 dxE
0

x tanaS ]u2

]z D 2

dz

1E
xd8

(hN1b)/tana

dxE
0

x tanaS ]u1

]z D 2

dzG . ~20!

Here, ]u2/]z5x tana/hN21 and ]u1/]z5x tana/(hN

1b)21. The energy is minimized,]FB(xd8)/]xd850, when
the dislocation is in the equilibrium position

xde8 ~N!5
2hN~hN1b!

~2hN1b!tana
5

Np~Np12b!

2~Np1b!tana
. ~21!

The same result follows from a direct calculation of t
Peach-Koehler force,F x

E52Bb(]u2/]z1]u1/]z)ux
d8

that

vanishes atxd85xde8 . The distances between two neighbori
dislocations at equilibrium are

l 5
2~N11!2p

~2N11!~2N13!tana
, L5

~N12!2p

~N11!~N13!tana
~22!

for b5p/2 andb5p types, respectively; hereN refers to the
number of cholesteric layersp/2 to the left of the dislocation
located in the thinner part of the wedge. The separation
weak function ofN; it quickly approachesb/tana when N
→`; even forN as small as 5, the relative difference b
tweenb/tana and the exact separating distances in Eq.~22!
are negligible, less than 2%. In the well-equilibrat
samples, dislocations are indeed close to their locati
specified by Eq.~21! with separations as in Eq.~22!.

A dislocation slightly shifted from its equilibrium positio
along thex8 axis, bydx5xd82xde8 , udxu!b/2a, experiences
a restoring force F x

E(dx)52szz
E b52]EB(xde8 1dx)/]dx

with the direction opposite to the direction ofdx ,

F x
E~dx!'2

Bbdxtana

hN

2hN1b

2~hN1b!
; ~23!

this force causes dislocation to climbing back tox85xde8 .
Note here that climb parallel to the layers is easier than g
across the layers, as it preserves the essential geometry o
core and is associated with twist deformations near the c
Because the stresses imposed by the wedge geometr
thickness dependent and small, and because real-time F
experiments at this stage are difficult, we leave the disc
sion of the mobility of dislocations to a future study.

2. Glide

Consider now a case when the dislocation is shifted al
the verticalz axis fromz50 to somedz5” 0. Here we return
to the coordinate system with thex axis along the midplane
of the wedge. Because of the boundary conditio
]u/]xuz56h/250, the dislocation is repelled by the bounda
towards the midplane. The corresponding Peach-Koe
forceF z

E(zd)5bszx
E uz5dz

can be calculated by placing imag
dislocations of the same Burgers vectorb at both sides of the
slab, z52mh1(21)mdz and z5mh1(21)mdz @43#,
a
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where m51,2, . . . ,̀ . The neighboring dislocations to th
left and to the right can be neglected, as long as the dihe
anglea and the cell thickness are sufficiently small so th
the parabolic regionsx2<4luzu of layers distortions around
neighboring dislocations do not overlap. In the linear a
proximation, the displacement fielduzi caused by the image
dislocations is

uzi~x,z!5
b

4 (
m51

` Ferf S x

2Al~mh2~21!mdz1z!
D

2erf S x

2Al~mh1~21!mdz2z!
D G . ~24!

The repelling forceF z
E(dz)52bK(]3uzi /]x3)uz5dz ;x50 is

then @43#

F z
E~dz!5

Kb2

8Apl3/2h3/2 (
m51.

` H Fm1
dz

h
@12~21!m#G23/2

2Fm2
dz

h
@12~21!m#G23/2J . ~25!

The force vanishes for
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This experimental feature indicates that the Peierls-Nab
energy barrier is relatively small as compared to the l
tension of the dislocation itself. Imagine a dislocation co
necting two points in the bulk of the sample,A(xA ,zA) and
B(xB ,zB). The smaller the Peierls-Nabarro energy as co
pared to the line energy of the dislocation, the smaller isc:
in the limiting caseEPN /E→0, the kink is infinitely long, as
the dislocation simply tilts as a whole and preserves the fo
of a straight line to minimize its length
A(xB2xA)21(zB2zA)2. When the Peierls-Nabarro energ
associated with the kink is larger than the line tension, th
c is large and the kink tends to be short; in the lim
EPN/E→`, the kink is vertical, of the lengthuzB2zAu, it
connects two horizontal dislocation segments of total len
uxB2xAu.

For smallc, one can directly apply the kink model de
veloped for solid crystals@44,45#, in which c is determined
by the ~constant! line tension of the edge dislocationEp/2
'Ec,tl'(p/2)K ln(p/4r c), Eq. ~13!, and the Peierls-
Nabarro energyEPN

p/2'cK, as c5A2EPN
p/2/Ep/2. As c

5p/(4w) for the p/4 kink, one obtains

w'
p

4
A Ep/2

2EPN
p/2 '

p

4
Ap

4c
ln

p

4r c
.

Using the estimatesp'5 mm andr c'5 nm, and the experi-
mental resultw;(5 –10!p, one obtainsc;(0.3–1)31022.
In other words, the core energy variation for thet21/2l11/2

pair along the kink is only a small fraction of the Fran
elastic constantK, which is a reasonable conclusion as t
b5p/2 dislocation can never get rid of the singular core.

In contrast, for a kink along theE
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~14!, depending on the dislocation type. Therefore, the to
elastic energies of the two structures are

Ep/2

K
'

p2

48l2 tana
S 1

N
2

1

N2D 1
2p

3pl
2

p3/2

8ApNl3/2

1p lnS p

4r c
D

l




