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Capillary filling of nematic liquid crystals

Xiang-Dong Mi and Deng-Ke Yang*
Chemical Physics Interdisciplinary Program, Liquid Crystal Institute, Kent State University, Kent, Ohio 44242

~Received 20 March 1998!

We studied the orientation of nematic liquid crystals when they were being filled into cells by capillary
action. We found that, in the flow front, the liquid crystal was always aligned along the flow direction. Far
behind the flow front, the orientation of the liquid crystal depended on the anchoring direction of the alignment
layers and the direction and speed of the flow. In cells with the anchoring direction parallel to the flow
direction, the liquid crystal always oriented along the flow direction. In cells with the anchoring direction
perpendicular to the flow direction, at low flow speed gradients, the liquid crystal orientated uniformly along
the anchoring direction; at high flow speed gradients, the liquid crystal in bulk was tilted to the flow direction.
The experimentally observed critical flow speed gradient was in agreement with the theoretical prediction.
@S1063-651X~98!02608-7#

PACS number~s!: 42.70.Df, 61.30.2v, 64.70.Md
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INTRODUCTION

Liquid crystal displays, such as the twisted nematic d
play and the ferroelectric liquid crystal display, usually ha
alignment layers coated on their inner surfaces@1#. At static
state, liquid crystals orient along the anchoring direction
the alignment layers. In the fabrication of liquid crystal d
plays, liquid crystals are filled into the display cells by ca
illary action or forced into the cells by pressure. In the fillin
process, the orientation of the liquid crystal is determined
its velocity, viscosity coefficients, and the alignment laye
In some circumstances, the liquid crystal is not uniform
aligned along the anchoring direction of the alignment lay
and exerts a torque on the molecules of the alignment la
and may damage the alignment layer. It is important to
derstand the orientation of liquid crystals when they are
ing filled into display cells.

The orientation of liquid crystals in motion is very inte
esting and complicated because of the coupling between
liquid crystal director and the velocity field@2,3#. A flow of
a nematic liquid crystal sometimes causes it to reorien
order to reduce the entropy production@4,5#. A reorientation
of the liquid crystal sometimes causes it to flow~called back-
flow! @6#.

There are many works done on the hydrodynamics
nematic liquid crystals. Most of them were performed
thick cells (>100mm) and under external fields. We studie
the flow alignment of nematic liquid crystals when they we
being filled into thin cells (<50mm) by capillary action as
in fabrication of liquid crystal displays. We organize th
paper in the following way. First, we present our theoreti
study on the alignment of nematic liquid crystals in capilla
filling. Then we report the results of our experimental stu

THEORETICAL STUDY

Flow speed in capillary filling

We consider the flow of a nematic liquid crystal in
rectangular cell consisting of two long parallel plates. T

*Author to whom correspondence should be addressed. Electr
address: dyang@kentvm.kent.edu
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cell has an alignment layer on the inner surface of the t
plates. The geometry of the flow of the liquid crystal and t
axes of the coordinate are shown in Fig. 1. On the surfac
the cell, the liquid crystal is anchored either along thex
direction or along they direction by the alignment layer. Th
motion of the liquid crystal in the flow front is very compli
cated. Here we consider the motion of the liquid crystal
behind the flow front. The velocity of the liquid crystal is i
the y direction and its value depends only onz, which is
perpendicular to the plates. It is described by

VW 5@0,u~z!,0#. ~1!

If the orientation of the liquid crystal is uniform, then for
steady flow, the equation of motion~Navier-Stokes equation!
is

]2u

]z2 5
1

h
¹P, ~2!

where¹P is the pressure gradient andh is the translational
viscosity coefficient, which is dependent on the orientat
of the liquid crystal@2#. When the liquid crystal is along the
y direction at anyz plane, the viscosity coefficient ish2 ;
when the liquid crystal is along thex direction at anyz

ic FIG. 1. Schematic diagram of the flow and orientation of t
liquid crystal in the capillary filling.
1992 © 1998 The American Physical Society
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PRE 58 1993CAPILLARY FILLING OF NEMATIC LIQUID CRYSTALS
plane, the viscosity coefficient ish3 ~which is larger than
h2). If the pressure gradient is a constant, the solution of
~2! is found to be parabolic:

u5
2¹P

2h S d2

4
2z2D . ~3!

The flow speed at the middle layer (z50) is

V5
2¹Pd2

8h
. ~4!

The averaged speed is

ū5
*2d/2

d/2 udz

d
5

2¹P

12h
d25

2

3
V. ~5!

The front of the liquid crystal flow moves at the averag
speed. In capillary filling, the front of the liquid crystal
curved because of the surface tension between the li
crystal and the alignment layer on the plates. The cur
surface at the front creates the pressure gradient throug
the liquid crystal@7#. The pressure gradient is found to be

¹P5
22~gsv2gsl!

ld
, ~6!

wherel is the length of the liquid crystal inside the cell,gsv
is the surface tension between the alignment layer and
air, and gsl is the surface tension between the alignm
layer and the liquid crystal. The speed of the liquid crys
flow front is

ū5
~gsv2gsl!

6h l
d. ~7!

Dg5gsv2gsl can be measured by the capillary rise meth
For a vertical cylindrical capillary tube with the bottom o
the tube in the liquid crystal, the height of the rise of t
liquid crystal is given by

h5
2~gsv2gsl!

Rgr
, ~8!

whereR is the radius of the tube,r is the mass density of th
liquid crystal, andg is the gravity constant.

Flow-induced Freedericksz transition in capillary filling

The translational motion and rotational motion of the li
uid crystal are coupled. When the flow speed gradient of
liquid crystal is large enough, the translational motion of t
liquid crystal will cause the liquid crystal director to rotat
In capillary filling, the liquid crystal molecules in the bul
flow but not the molecules on the surfaces; there is a sp
gradient that may induce an orientational transition. So
theoretical studies have been performed on this problem
the reorientation of the liquid crystal was sometimes refer
to as the linear instability@4,5,8–11#. We do the calculation
in a different way with the detailed derivation presented.
the coordinate depicted in Fig. 1, the director is described

nW 5@nx~z!,ny~z!,nz~z!#. ~9!
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The flow of the liquid crystal produces a torque on the liqu
crystal, which depends on the symmetric part of the veloc
gradient tensorAJ whose nonzero components are

Ayz5Azy5
1

2

du

dz
5
let

A. ~10!

There is another viscosity torque due to the rotation of
liquid crystal. It depends on the net rotation velocity, whi
is given by

NW 5
dnW

dt
2ÃW . ~11!

ÃW is the angular velocity of the liquid crystal when the liqu
crystal rotates as a whole. It is related to the antisymme
part of the velocity gradient tensor and is given by

ÃW 5 1
2 ¹3VW 5~2A,0,0!. ~12!

The total viscous torque is given by

GW vis52g1nW 3NW 2g2nW 3~AJ•nW !5nW 3~2g1NW 2g2AJ•nW !,
~13!

where g1 and g2 are the rotational viscosity coefficients
There is an elastic torqueGW ela due to the elastic distortion o
the liquid crystal, which is given by

GW ela5nW 3hW , ~14!

wherehW is the molecular field. The elastic torque is deriv
from the elastic energy density. In the case we are consi
ing, the director is dependent only onz, and the components
of the molecular field are given by

hi52
] f

]ni
1(

j

]

]xj

] f

]~]ni /]xj !
52

] f

]ni
1

]

]z

] f

]~]ni /]z!
.

~15!

At low speeds, the inertial term is much smaller than t
viscous and elastic torques and can be neglected. The el
and viscous torques balance each other,

GW ela1GW vis5nW 3~hW 2g1NW 2g2AJ•nW !50. ~16!

Equation~16! means that (hW 2g1NW 2g2AJ•nW ) is parallel tonW ,
that is,

hW 2g1NW 2g2AJ•nW 5a~z!nW , ~17!

wherea(z) is a constant depending onz. Presented inx, y,
andz components, the above equation becomes

hx2g1

]nx

]t
5anx ,

hy2g1

]ny

]t
1g1Anz2g2Anz5any ,

hz2g1

]nz

]t
2g1Any2g2Any5anz .
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1994 PRE 58XIANG-DONG MI AND DENG-KE YANG
Eliminating a in the above equations, we obtain

g1ny

]nx

]t
2g1nx

]ny

]t
5nyhx2nxhy1~g22g1!Anxnz ,

~18!

g1nz

]nx

]t
2g1nx

]nz

]t
5nzhx2nxhz1~g21g1!Anxny .

~19!

The liquid crystal directornW can be expressed as a functio
of the polar angleu and the azimuthal anglef,

nx5sin u~z!cosf~z!,

ny5sin u~z!sin f~z!, ~20!

nz5cosu~z!.

The elastic energy density is

f 5 1
2 ~K11 sin2 u1K33 cos2 u!S ]u

]zD 2

1 1
2 ~K22 sin2 u1K33 cos2 u!sin2 uS ]f

]z D 2

. ~21!

The molecular field can be calculated by

hi52
d f

dni
52

d f

du

]u

]ni
2

d f

df

]f

]ni
~ i 5x,y,z!. ~22!

Using Eqs.~20!, ~21!, and~22!, Eqs.~18! and ~19! become

g1

]u

]t
5~K11 sin2 u1K33 cos2 u!

]2u

]z2

1~K112K33!sin u cosuS ]u

]zD 2

2@2K22 sin2 u1K33 cos~2u!#

3sin u cosuS ]f

]z D 2

1~g21g1!A sin2 u sin f

2~g22g1!A cos2 u sin f, ~23!

g1 sin u
]f

]t
5~K22 sin2 u1K33 cos2 u!sin u

]2f

]z2

12@2K22 sin2 u1K33 cos~2u!#cosu
]u

]z

]f

]z

2~g22g1!A cosu cosf. ~24!

The boundary conditions are

uS z5
2d

2 D5uS z5
d

2D5
p

2
,

fS z5
2d

2 D5fS z5
d

2D50.

In the steady state,]u/]t50 and]f/]t50. Equations~23!
and ~24! become
~K11 sin2 u1K33 cos2 u!
]2u

]z2

1~K112K33!sin u cosuS ]u

]zD 2

2@2K22 sin2 u1K33 cos~2u!#sin u cosuS ]f

]z D 2

1~g21g1!A sin2 u sin f2~g22g1!

3A cos2 u sin f50, ~25!

~K22 sin2 u1K33 cos2 u!sin u
]2f

]z2

12@2K22 sin2 u1K33 cos~2u!#cosu
]u

]z

]f

]z

2~g22g1!A cosu cosf50. ~26!

At the surface of the plate, if the liquid crystal is anchor
along they direction, the solutions in bulk for the abov
equations aref5p/2 andu5u0 , given by

~g21g1!A sin2 u2~g22g1!A cos2 u50,
~27!

cos 2u05
g1

g2
.

u0 is called the flow alignment angle. As an example,
nematic liquid crystal 5CB,g158131023 N s/m2, g25
28531023 N s/m2, u0581.18° @12#.

At the surface of the plate, if the liquid crystal is anchor
along thex direction, when the flow speed is low, the liqu
crystal is in the ground state and the director is uniform
aligned along thex direction; u5p/2 andf50. When the
flow speed gradient is sufficiently high, the liquid cryst
reorients. There is a critical flow speed gradient. When
flow speed gradient is slightly higher than the critical valu
the distortion is small. For small distortion,f is small andu
is close top/2. We definea5u2p/2, then a is small.
sinf.f, cosf.1, sinu5cosa.1, and cosu52sina
52a. Keeping the first-order terms, Eqs.~25! and ~26! be-
come

K11

]2a

]z2 52~g21g1!Af, ~28!

K22

]2f

]z2 52~g22g1!Aa. ~29!

The boundary conditions are

aS z5
2d

2 D5aS z5
d

2D50, ~30!

fS z5
2d

2 D5fS z5
d

2D50. ~31!

In the ground~undistorted! state,a(z)50, f(z)50. There is
a critical flow speed gradientAc . WhenA,Ac , the liquid
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PRE 58 1995CAPILLARY FILLING OF NEMATIC LIQUID CRYSTALS
crystal is in the undistorted state withnW 5 x̂. WhenA>Ac ,
the liquid crystal is in the distorted state with nonzerony and
nz . We will show that this transition is second order a
may be called the flow-induced Freedericksz transition
cause of the similarity with the field-induced Freederick
transition. As an example, let us consider the case where
velocity has a linear profile,

u~z!5H 2VS z

d
1

1

2D ,
2d

2
<z<0,

22VS z

d
2

1

2D , 0<z<
d

2
,

~32!

whereV is the flow speed at the middle layer.

A5H 2V

d
5A0 ,

2d

2
<z,0,

2
2V

d
52A0 , 0,z<

d

2
.

~33!

Let f5f1(z) and u5u1(z) in the region2d/2<z<0, f
5f2(z) and u5u2(z) in the region 0<z<d/2. The equa-
tions for them are

K11

]2a1

]z2 52~g21g1!A0f1 , ~34!

K22

]2f1

]z2 52~g22g1!A0a1 , ~35!

K11

]2a2

]z2 5~g21g1!A0f2 , ~36!

K22

]2f2

]z2 5~g22g1!A0a2 . ~37!

The boundary conditions are

f1S z52
d

2D50,

a1S z52
d

2D50,

f2S z5
d

2D50,

a2S z5
d

2D50,
~38!

f1~z50!5f2~z50!,

a1~z50!5a2~z50!,

]f1

]z
~z50!5

]f2

]z
~z50!,

]a1

]z
~z50!5

]a2

]z
~z50!.
-
z
he

We have the symmetryf1(2z)5f2(z), a1(2z)5
2a2(z) or f1(2z)52f2(z), a1(2z)5a2(z) ~which has
the same critical flow speed gradient! @10#. The solution of
Eqs.~34! and ~35! is

f1~z!5B1eqz1B2e2qz1B3cos~qz!1B4 sin~qz!,
~39!

a1~z!5S K22~g21g1!

K11~g22g1! D
1/2

@B1eqz1B2e2qz

2B3 cos~qz!2B4 sin~qz!#, ~40!

whereq5„@(g2
22g11

2 )/(K11K22)#A0
2
…

1/4. Using the boundary
conditions given in Eq.~38!, we obtain four independen
equations forB1 , B2 , B3 , andB4 . In order to have a non-
zero solution for them, it requires

tan~qd/2!5
e2qd/22eqd/2

e2qd/21eqd/2 . ~41!

The smallest value ofq is found to beqc54.730/d. The
critical flow speed gradient is

Ac5Aoc52.267
p2

d2 F K11K22

g2
22g1

2G1/2

. ~42!

The critical speed is

V051.133
p2

d F K11K22

g2
22g1

2G1/2

. ~43!

If the liquid crystal is 5CB and the cell thickness is 50mm,
we use the following parameters@12#: K1156.4
310212 N, K2253.0310212 N, g158131023 N s/m2, g2
528531023 N s/m2, then the critical flow speed isV0
538.0mm/s.

Nematic liquid crystals are anisotropic fluids and usua
have four different translational viscosity coefficients.
flow of a nematic liquid crystal causes it to reorient. Wh
the liquid crystal reorients, the translational viscosity for
changes, and so does the velocity field. However, when
flow speed gradient is slightly above the critical value, t
distortion of the liquid crystal director is small, and the v
locity field can be considered approximately the same a
the undistorted state where the flow velocity profile is pa
bolic ~this will be discussed more later!,

u~z!54VS 1

4
2

z2

d2D , 2
d

2
<z<

d

2
. ~44!

The flow speed gradient is

A5
1

2

]u

]z
52

V

d S 4
z

dD . ~45!

The maximum speed gradient is 2V/d. We define a param-
eter measuring the flow speed gradient

P5S 2V

d D Y S 2V0

d D5
V

V0
, ~46!
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whereV0 is given by Eq.~43!. In this case, the flow spee
gradient is not a constant but dependent onz. We numeri-
cally solved Eqs.~25! and~26! using the relaxation method
In the calculation, we used Eqs.~23! and~24!, and the initial
state was the undistorted state with small random fluc
tions in f andu. f andu changed according tof(t1Dt)
5f(t)1(]f/]t)Dt and u(t1Dt)5u(t)1(]u/]t)Dt, re-
spectively.]f/]t and ]u/]t were obtained using Eqs.~23!
and~24!. When the steady state was reached,]f/]t50 and
]u/]t50. Under random fluctuations in the initial state, t
solution for the steady state sometimes had the symm
f(2z)5f(z), u(2z)52u(z) and at other times the sym
metry f(2z)52f(z), u(2z)5u(z). Here we will only
discuss the solution with the symmetry off(2z)5f(z),
u(2z)52u(z). The results of our numerical calculation a
shown in Fig. 2. The critical value ofP is Pc51.15, which is
slightly higher than that in the case of linear velocity profi
When P is abovePc , the liquid crystal director is tilted
away fromx direction. The azimuthal angle is no longer ze
and the maximum deviationfm occurs at the middle layer o
the cell. The polar angle becomes smaller than 90° in
bottom half of the cell and larger than 90° in the top half
the cell; the maximum deviationam occurs at the planesz
56d/4. When the flow speed is very high, the azimuth
angle in the bulk becomes 90°, that is, the liquid crys
director becomes parallel to the flow direction; the po
angle becomes 81.17°, which is the same as the flow al
ment angle defined in Eq.~27!. The maximum deviations ar
plotted in Fig. 3 as a function of the flow speed gradientP.
The results for linear velocity and sinusoidal@defined as
u(z)5V sin(pz/d)# profiles are also shown in Fig. 3. From
the figure we can see that the velocity profile has a mi
effect on the liquid crystal configuration.

EXPERIMENT AND RESULTS

The liquid crystal in our experiment was 5CB doped w
black dichroic dye S416~from Mitsui!. The alignment layer
used was polyimide~PI2555 from Dupont!. In the surface
tension measurement, we used both cylindrical capill

FIG. 2. Polar and azimuthal angles of the liquid crystal direc
as a function of the coordinatez at various flow speeds.
a-

ry
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tubes and long rectangular cells. The capillary tube ha
radiusR of 0.46760.003 mm and was coated with polyim
ide. For both rubbed and unrubbed polyimide, the rise of
liquid crystal h was almost the same and was 1.
60.05 cm. The density of 5CBr was 1.0065 g/cm3. Using
Eq. ~8!, the difference of the surface tension between air a
polyimide and between liquid crystal and polyimide w
Dg5gsv2gsl5hRgr/252.5431022 J m22. The rectangu-
lar cell had a thicknessd549.960.4mm ~which is much
smaller than the width 5 mm!. If the polyimide was rubbed
perpendicularly~that is, the rubbing direction is perpendicu
lar to the long side of the rectangular cell!, the liquid crystal
riseh was 9.660.1 cm. If the polyimide was rubbed paralle
~that is, the running direction is parallel to the long side
the rectangular cell!, the liquid crystal riseh was 9.5
60.1 cm. The surface tension difference, almost indep
dent of the rubbing, wasDg5grhd/252.3631022 J m22,
which was close to the value found using the capillary tu
For future calculation, we use the average valueDg52.4
31022 J m22.

In the flow speed measurement, we used rectangular c
which were 10 cm long and 0.5 cm wide. The cell thickne
was controlled by glass fiber spacers. The two ends of
cell were open. The liquid crystal was placed at one end
the cell and was capillarily filled into the cell. The liqui
crystal flowed from one end of the cell to the other. In t
flow speed measurement, the cells were placed on a l
viewing box with linearly polarized light. A camcorder wa
used to record the capillary filling process, then the recor
tape was examined. The time resolution was 30 ms de
mined by the frame time of the camcorder. We studied
flow speed of the liquid crystal in capillary filling into cell
with various thickness. For a 10.1mm thick cell with parallel
rubbed polyimide, the lengthl of the liquid crystal inside the
cell is plotted as a function of time in Fig. 4~a!. The flow
speedū vs time is plotted in Fig. 4~b!. As the liquid crystal
was filled into the cell, the lengthl of the liquid crystal
increased and therefore the pressure gradient decreased.
the flow speed decreased with time. The product of the fl

r FIG. 3. Maximum deviations as a function of the flow speed



y

e
fo
he
ch
n

ow
e
s

r
th
ig

on
d

-
s in

.8
t

.4
t

an-
er-
pe.
g

s

a

uid

PRE 58 1997CAPILLARY FILLING OF NEMATIC LIQUID CRYSTALS
speedū and the lengthl of the liquid crystal is plotted as a
function of time in Fig. 4~c!. It is a constant as predicted b
the theory@see Eq.~7!#.

The flow speedū of the liquid crystal depended on th
cell thickness and the filling time. The flow speed vs time
cells with different thicknesses is shown in Fig. 5. T
thicker the cell was, the faster the liquid crystal flow, whi
is consistent with Eq.~7!. The flow speed also depended o
the angle between the liquid crystal direction and the fl
direction. In the cells with parallel rubbed polyimide, th
liquid crystal was parallel to the flow direction, the flow wa
faster, as shown in Fig. 5~b!. In the cells with perpendicula
rubbed polyimide, the liquid crystal was perpendicular to
flow direction, and the flow was slower, as shown in F
5~a!.

FIG. 4. Flow of the 10mm cell as a function of time.~a! Liquid
crystal length,~b! liquid crystal speed,~c! the product of the liquid
crystal length and speed.

FIG. 5. Flow speeds of cells with different thicknesses a
function of time.~a! Cells with perpendicular rubbed polyimide,~b!
cells with parallel rubbed polyimide.
r

e
.

The product of the flow speedū and the lengthl of the
liquid crystal was dependent on the cell thickness but not
time. ūl vs time of cells with different thicknesses an
alignment layers is plotted in Fig. 6.ūl was indeed indepen
dent of time, except for some fluctuations caused by error
reading the recorded tape. As given by Eq.~7!, ūl 5@(gsv
2gsl)/6h#d. ūl vs the thicknessd is a straight line with
slope given by (gsv2gsl)/6h. We plotūl vs d in Fig. 7. For
the cells with parallel rubbed polyimide, the slope was (1
60.2)31023 cm2/s, the translational viscosity coefficien
h5h25(2.260.3)31022 N s/m252263 cp. For the cells
with perpendicular rubbed polyimide, the slope was (1
60.1)31023 cm2/s, the translational viscosity coefficien
h5h35(2.960.2)31022 N s/m252962 cp. Our experi-
mental values are close to the valuesh2522.9 cp andh3
537.5 cp given in the literature@13#.

In order to investigate the flow-induced Freedericksz tr
sition, we studied the transmittance of the cells with the p
pendicular rubbed polyimide under an optical microsco
The incident light was a white light linearly polarized alon

a

FIG. 6. Product of flow speed and liquid crystal length as
function of time.~a! Cells with perpendicular rubbed polyimide,~b!
cells with parallel rubbed polyimide.

FIG. 7. Average values of the product of flow speed and liq
crystal length as a function of cell thickness.
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1998 PRE 58XIANG-DONG MI AND DENG-KE YANG
the rubbing direction of the polyimide. The liquid cryst
was doped with 0.4% the dichroic dye. In the experiment,
incident light was focused on a spot about 1 cm away fr
the entrance end of the cell. The horizontal axis in Figs
and 9 was the filling time started when the liquid crystal w
dropped at the entrance end of the cells. We first studied
50 mm cell with parallel rubbed polyimide and the result
shown in Fig. 8~a!. There was no flow-induced Freederick
transition in this case. In the beginning, there was some
tensity fluctuation. Under the optical microscope, flo
induced disclination loops were observed@14#. In the discli-
nation loops, the liquid crystal was not in the same direct
as the liquid crystal anchored by the polyimide alignme
layers; the absorption of the dye was reduced and there
the transmittance was increased. As shown in Fig. 8~a!, the
increase of the transmittance by the disclination loops w
small and was not significant. We then studied the 50mm
cell with perpendicular rubbed polyimide. In this cell, w
expected to see the flow-induced Freedericksz transitio

FIG. 8. Transmittance of the 50mm cell as a function of time.
~a! Parallel cell,~b! perpendicular cell.

FIG. 9. Transmittance of cells with various thickness as a fu
tion of time.
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the flow speed was fast enough. When the liquid crystal w
in the distorted state induced by the flow, the liquid crysta
the middle of the cell was tilted to the flow direction and t
absorption of the dye was reduced, and therefore we
pected higher transmittance. In this cell, we indeed obser
the flow-induced Freedericksz transition. The transmitta
of the cell as a function of time is shown in Fig. 8~b!. In the
beginning, the transmittance was higher and then decre
with time; after 600 s, the transmittance did not change f
ther. The transition from the distorted state to the undistor
state is a second-order one, as predicted theoretically. Th
fore the transmittance decreased continuously to the m
mum value of the undistorted state. It was difficult to det
mine the exact time at which the transmittance decrease
the minimum.

The critical flow speed for the flow-induced Freederick
transition is inversely proportional to the cell thickness,
indicated in Eq.~43!, while the flow speed is proportional t
the cell thickness. We expected to observe the flow-indu
Freedericksz transition in thick cells but not in thin cells. W
measured the transmittance of cells with different thic
nesses in the capillary filling. The dye concentration w
2.0%. We made a set of cells with thicknesses 49.7, 2
12.1, and 5.7mm. The transmittance of the 49.7mm cell is
plotted as a function of time in Fig. 9~a!. In this cell, the
flow-induced Freedericksz transition was observed. T
transmittance in the beginning was high and then decrea
gradually to the minimum value att5500 s. For this cell, the
theoretically predicted critical value of the speed of the flo
front is ūc5 2

3 31.15V03 50
49.7529.3mm/s. As shown in Fig.

5~a!, at the beginning, the flow speed was faster than 8
mm/s, which is higher than the critical value; the liquid cry
tal was in the flow distorted state. As the liquid crystal w
filled into the cell, the flow speed decreased; the distort
became smaller and the transmittance decreased. The t
mittance decreased to the minimum aroundt5500 s, at
which the flow speed was around 95mm/s. This experimen-
tally observed speed was higher than the predicted va
29.3mm/s. For the 24.5mm cell, the result is shown in Fig
9~b!. In the beginning, the transmittance was also high a
then decreased gradually with time; after 400 s, the trans
tance did not change. As shown in Fig. 5~a!, in the begin-
ning, the flow speed was faster than 500mm/s, and then
decreased with time. The flow speed att5400 s was about
60 mm/s, which was very close to the theoretically predict
critical value ūc5 2

3 31.15337.93 50
24.3 mm/s559.8mm/s.

For the 12.1mm cell, the result is shown in Fig. 9~c!. The
transmittance was always low and did not change with tim
The theoretically predicted critical value of the speed of
flow front is ūc5 2

3 31.15337.93 50
12.1 mm/s5120mm/s. As

shown in Fig. 5~a!, after 100 s~at which our transmittance
measurement was started!, the flow speed was less than 10
mm/s, and therefore there was no flow-induced Freederic
transition. For the 5.7mm cell, the result is shown in Fig
9~d!. The transmittance was always low and did not chan
with time. The theoretically predicted critical value of th
speed of the flow front is ūc5 2

3 31.15337.9
3 50

5.7 mm/s5255mm/s. As shown in Fig. 5~a!, the flow
speed was always less than that value, and therefore t
was no flow-induced Freedericksz transition.

We also studied cells with unrubbed polyimide. The li
-
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uid crystal was doped with the black dichroic dye. When
polarization of the incident light was parallel to the flo
direction, the cells were black, indicating the liquid crys
was aligned along the flow direction in the capillary filling

We examined the liquid crystal flow front in the capilla
filling under an optical microscope with crossed polarize
The flow direction was either parallel or perpendicular to
polarizers. For the cells with parallel rubbed or unrubb
polyimide, the orientation of the liquid crystal was the sam
along the flow direction in both the flow front and behind t
flow front. For the cells with perpendicular rubbed polyim
ide, the flow front was bright as shown the microphotogra
in Fig. 10~a!. We believe the liquid crystal in the flow fron
had the twisted configuration shown in Fig. 11. In this ca
some care should be taken in capillary filling, because
liquid crystal may exert a torque on the molecules of
alignment layer and damage the alignment layer. We did

FIG. 10. Microphotograph of the flow front. The fine lines o
the left side of the photos are scratches produced in rubbing
polyimide. ~a! Cell with perpendicular rubbed polyimide,~b! cell
with parallel rubbed polyimide.
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observe the bright flow front in cells with parallel rubbed
unrubbed polyimide. A microphotograph of the flow front
a cell with parallel rubbed polyimide is shown in Fig. 10~b!.
In cells with perpendicular rubbed polyimide, independent
the cell thickness and the speed of the flow, the bright fl
front was always observed. We also made cells with o
one open end and perpendicular rubbed polyimide. We
served the bright front when the liquid crystal was filled in
the cells in a vacuum chamber. We think that the twis
configuration of the liquid crystal is caused by the perpe
dicular anchoring of the liquid crystal on the front liqui
crystal-air or liquid crystal-vacuum interface.

CONCLUSION

We have theoretically and experimentally studied cap
lary filling of nematic liquid crystals into cells with variou
anchoring conditions and thickness. We found that the fl
speed of the liquid crystal in the capillary filling was in
versely proportional to the cell thickness. In cells with pa
allel rubbed or unrubbed polyimide, the liquid crystal w
oriented parallel to the flow direction in both the flow fro
and behind the flow front. In cells with perpendicular rubb
polyimide, the orientation of the liquid crystal was depende
on the position in the flow. In the flow front, the liquid crys
tal was in a twisted configuration with the liquid crystal
the middle of the cell parallel to the flow direction. Far b
hind the flow front, when the flow speed was low, the liqu
crystal at the surface and inside the cell was oriented par
to the anchoring direction. At high flow speed, the liqu
crystal at the surface of the cell was oriented parallel to
anchoring direction, while in the middle of the cell the liqu
crystal was aligned parallel to the flow direction. The o
served critical flow speeds in cells with different thickness
agreed with the theoretical predicted ones.
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FIG. 11. Liquid crystal director configuration in the flow front i
cells with perpendicular rubbed polyimide.
@1# For review of surface anchoring of liquid crystals, see
Guyon and W. Urbach, inNonemissive Electrooptic Displays,
edited by A. R. Kmetz and F. K. von Willisen~Plenum, New
York, 1976!, p. 121; T. Uchida and H. Seki, inLiquid Crystals
Applications and Uses, edited by B. Bahadur~World Scien-
tific, Singapore, 1992!, Vol. 3, p. 1.

@2# For review of hydrodynamics of nematic liquid crystals, s
W. H. de Jeu,Physical Properties of Liquid Crystal Material
. ~Gordon and Breach, New York, 1980!, pp. 97–121.
@3# P. G. de Gennes and J. Prost,The Physics of Liquid Crystals

~Oxford University Press, New York, 1993!.
@4# E. Guyon and P. Pieranski, J. Phys.~Paris!, Colloq. C1, 203

~1975!.
@5# P. Manneville and E. Dubois-Violette, J. Phys.~France! 37,

285 ~1976!.
@6# For a review of back flow, see S. Chandrasekhar,Liquid Crys-



-

2000 PRE 58XIANG-DONG MI AND DENG-KE YANG
tals ~Cambridge University Press, Cambridge, 1992!, pp. 162–
167.

@7# D. J. Barber and R. Loudon,An Introduction to the Properties
of Condensed Matter~Cambridge University Press, Cam
bridge, 1989!.

@8# P. Pieranski and E. Guyon, Solid State Commun.13, 435
~1973!.

@9# P. Pieranski and E. Guyon, Phys. Rev. A9, 404 ~1974!.
@10# I. Janossy, P. Pieranski, and E. Guyon, J. Phys.~France! 37,

1105 ~1976!.
@11# P. Manneville and E. Dubois-Violette, J. Phys.~France! 37,
1115 ~1976!.

@12# L. M. Blinov and V. G. Chidrinov,Electrooptical Effects in
Liquid Crystal Materials~Springer-Verlag, New York, 1994!,
p. xiv.

@13# G. Vertogen and W. H. de Jeu,Thermotropic Liquid Crystals,
Fundamentals~Springer-Verlag, Berlin, 1988!, p. 152.

@14# P. T. Mather, D. S. Pearson, and R. G. Larson, Liq. Cryst.20,
527 ~1996!.


