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Stable configurations in hybrid nematic cells in relation to

thickness and surface order

by H. G. GALABOVA*, N. KOTHEKAR and D. W. ALLENDER

Liquid Crystal Institute and Physics Department, Kent State University, Kent,
Ohio 44242, USA

(Received 4 June 1997, accepted 7 July 1997)

The phase diagram of equilibrium configurations in thin hybrid nematic cells has been
investigated in the framework of Landau-de Gennes theory extended to include weak surface
anchoring. Surface interactions linear in the tensor order parameter were assumed and
biaxiality was induced by the surfaces. It was found that in addition to the usual configuration
where the director bends continuously from one plate to the other, there is also a possible
configuration where bend does not occur, but where there is an eigenvalue exchange; i.e. the
eigenvector of the tensor order parameter associated with the eigenvalue of the largest
magnitude is different in different regions of the cell. Furthermore, for very small cell thickness
a third possibility occurs: the eigenvector corresponding to the eigenvalue with the largest
magnitude is uniform throughout the cell; it is either parallel or perpendicular to both plates
depending upon the dominant surface interaction. Continuous transitions occur between the

different configurations.

1. Introduction

The elastic properties of nematic liquid crystals are
usually studied using Frank theory [ 1] where the nem-
atic phase is described in terms of a director n along
which the molecules are preferentially oriented, and a
set of elastic constants which depend on the degree of
orientational order S. The nematic director is considered
to vary in space, but the degree of order is assumed
to be spatially independent and affected only by
temperature.

It is of interest to know how the introduction of
spatial dependence in the degree of order would affect
the description of phenomena usually interpreted in
terms of Frank elastic theory. Generalization of Frank
theory to include variable degree of order was done by
Ericksen [2] and implemented in a simplified version
by other authors [3-5] who arrived at the conclusion
that the generalized theory may be suitable for describing
line and plane defects. However, both Frank theory and
its generalization are applicable only to uniaxial nematic
phases. As is well known, liquid crystal molecules that
form nematic phases are not axially symmetric. However,
bulk nematic phases in low molecular weight thermo-
tropic systems are so far observed to be uniaxial. Because
surfaces are anticipated to induce biaxiality, the descrip-
tion of nematic phases in restricted geometries should
allow for that possibility.

* Author for correspondence.

In the framework of the Landau—de Gennes formalism
[6], the properties of nematic liquid crystals are
described in terms of a tensor order parameter which in
the case of a biaxial nematic has five independent
components, all spatially dependent. It was suggested
by Gartland er al. [7] that the boundary conditions
imposed on the liquid crystal can be satisfied by a biaxial
configuration where an eigenvalue exchange occurs; i.e.
the eigenvector of the tensor order parameter associated
with the eigenvalue of the largest magnitude switches
from one of the local principal axes to another. In a
theoretical study of a hybrid nematic cell having homeo-
tropic alignment at one plate and homogeneous at the
other [ 8], a second order transition was found to occur,
from the usual configuration where the director bends
continuously between the bounding plates, to an eigen-
value exchange configuration when the cell thickness is
decreased. However, only strong anchoring and uniaxial
order at the surfaces were considered. It is relevant also
to take into account the finite anchoring energy between
the liquid crystal and walls, as well as the biaxial order
at the homogeneous surface. In related work reported
elsewhere [9] the effect of a weak surface interaction
was included for a twisted nematic film where an eigen-
value exchange configuration was also found.

Weak anchoring conditions in the framework of
Landau-de Gennes theory have been a subject of theor-
etical investigation ever since the work of Sheng on
weak homeotropic anchoring in a semi-infinite sample

0267-8292/97 $12:00 © 1997 Taylor & Francis Ltd.
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[10]. Throughout the years the cases of both semi-
infinite and finite nematic samples with homeotropic
[10-12] and planar [13-16] surface anchoring have
been studied. In this work we turn our attention to the
theoretical treatment of homogeneous surface anchoring
in the framework of Landau-de Gennes theory, and we
further investigate the different configurations that can
be realized in a hybrid nematic cell, this time allowing
for weak surface interactions and biaxiality at the homo-
geneous plate. We also study the effect of variable
anchoring on the conditions required for a bend to
eigenvalue exchange transition to occur.

2. Theory

We consider a nematic liquid crystal confined between
two bounding plates placed at £=0 and £=d in the
lab reference frame having orthogonal unit vectors &, v,
and ¢ (figure 1). The plate at £ =0 favours homeotropic
alignment with the easy direction described by the unit
vector &, and the plate at £ =d favours homogeneous
alignment with an in-plane easy axis along the unit
vector v. At any point between the plates, the nematic
can be described by a biaxial tensor order parameter
diagonal in the reference frame of the local principal
axes fi, m, and 1. We assume that 1 is along {=&X v
throughout the cell, i=cos6&é+sinfy, and m=
—sin O + cos Ov, where 6 is the bend angle. At any &
the nematic order is assumed to be uniform in the v-¢
plane. Thus, the spatial dependence of the tensor order
parameter is reduced to only one spatial coordinate, i.e.
the & coordinate. These assumptions, together with the
equal elastic constants approximation used in our calcu-
lations, rule out the possibility of striped configurations
[17-20] which will not be considered here.

HOMEOTROPIC SURFACE
&0
A
v
A
m
oL
6 YA
n
&=d
A
g
HOMOGENEOUS ~ SURFACE

Figure 1. Hybrid cell geometry: homeotropic alignment at
£=0 and homogeneous at £=d; 1=¢{=¢ X v throughout the cell.

At any &, the tensor order parameter in the lab
reference frame is given by
S P
Q= Bminj— &)+ (mim; — lilj) (1)
where S is the usual uniaxial order parameter and P is
a measure of the biaxiality.
In terms of S, P and the bend angle 6, the tensor
order parameter has the following form:

S+ P+ (35— P)cos26

QZi (3S— P)sin20
0
_ (2)
(35— P)sin26 0
S+ P— (35— P)cos26 0
0 —2(5+P)
Here all three parameters S, P, and 6 ark spatially

dependent.
The tensor above has a more convenient representa-
tion [7, 8] given by

+3 0 313, 0
1
0=1n 32 3% o0 |, (3)
0 0 —2z
where

512

xZT(3S—P)00529
512

yZT(3S—P)sin29
612

Z:T(S+P).

The Landau-de Gennes free energy of the system,
allowing for weak surface interactions, can be written in
the form

F= Jfde+ J(st+fsl)dS, (4)

where

1 1 1
fo=73 AtrQ* — gBlrQ3 + C(tro*)?

1 1
+ ;L 1(8:0jk) (i Qi) + ; L 2(0iQi)(0kQk) (5)

is the bulk free energy density including elastic terms
[21]. The elasticity here is connected not only with
variations in the molecular orientation, but also with
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variations in the degrees of order S and P. The term
J50=GoQ;i&i&; (6)

is the surface free energy contribution from the homeo-
tropic surface. It corresponds to having uniaxial order
at the surface and when G¢<<0, this term favours align-
ment perpendicular to the homeotropic plate. The sur-
face free energy contribution from the homogeneous
surface has the form

fs1= G1Q&:i&+ Bi1Qyvivj. (7)

The term with By, where B1 <0, favours alignment along
the easy axis v, and the term with Gi, G| being positive,
favours orientation in the plane of the surface and
introduces biaxiality at the homogeneous plate. If the
surface is to favour alignment along the easy axis v, at
any given B; not all values are allowed for the G
coefficient. Calculations with a semi-infinite cell have
shown that the allowed values of G1 are those for which
0<G1=<|B1|, where G1=0 corresponds to uniaxial
order at the surface.

Scaled to dimensionless units, the Landau—de Gennes
free energy has the form

1 2
.‘/7:J {ﬁ(x2+y2+22)—bz(x2+y2—;)
b (2 3

+ (Y+ P+ [(Y')+(y')+( ]

pl (1, L,Z 1,
+ 5 27 +21/2X +2(y) dn

+ wax(1) — w12(1) — 1/2 2(0) — 1/2 x(0), (8)
where # = Fl./ Cd, a=AIC, b=BI(6"7C), =L 1,/Cd*
w1=—(G1+BNI(6"*Cd), wn=(G1—B1)I(2"Cd), and
o= Go/Cd. The area of the cell is denoted by .7, and
n=¢&/d. The coupling coefficients wo, wx1, and w:1 are
all positive and the signs of the terms with which they
enter the free energy are chosen in such a way that
alignment along & is favoured at the homeotropic surface,
and alignment along v at the homogeneous one.

3. Minimization of the free energy
To minimize the free energy # we follow the standard

variational procedure [22]; that is, we introduce new

functions fx(n), fy(n), and f-(n), and a scale factor « such

that the varied paths are given by

x(n, o) =x(n) + afc(n)
y(n, ) =y(m)+ afy(n)
z(n, ) =z(n) + af(n).

For strong anchoring at both plates fx,-(n=0)=
Sfep-(n=1)=0 and x(n), y(n), and z(n) satisfy the Euler—
Lagrange equations obtained by minimizing the bulk
free energy only. However, in the case of weak surface
anchoring, the values of the functions at the end points
are not fixed. This fact does not change the Euler—
Lagrange equations, but affects only the boundary condi-
tions for the problem. Assuming that f«(n), f,(n), and
f=(n) are independent of each other and that fx,-(n=0)
can be varied independently of f.,.(n=1), we find the
following differential equations for x(n), y(n), and z(n):

) d*x 1) d> 4
I+ "5t i,
20 | dn 1277 dn I

1
+27zx——
I I

x(x*+ i+ =0

9)
b
+27yz—
I

b d*: I d*x a
1+ T 12—z
61 |dn 127 dn I

Z(X2 + y2+ 22) =0,

1
l_y(x2+y2+22)=0
1

b 1
LIPS S
I I

with boundary conditions given by

w‘cl

b
(1+2h) x(1)+121/2 A+

1+£ 0+l 0
( 21 *(0) 127 Foy+
1+£ "(1)=0
( 2, y()=
1+£ '0)=0 (10
( o y'(0)= (10)

12 z1
1+ () +—5—x'(1 =0
( 611) (0 12”2 ¥ = I

1)
(1‘}-5) (0)+121/2 Y(0)+ 1/21 =0.

X =0
2112y,

For calculational simplicity the equal elastic constants
approximation (/2,=0) was used. With this approxi-
mation the equations and the boundary conditions are
simplified to
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d2X a b 1 2 2 2
S ——x+2Tzx——x(x"+y + =0
dn™ h h h
d*z b !
iy ) - Ry ) =0,
dn™ Lk h
d’y a b L 5 2, 2
TSyt -y y ) =0
dn® 1 h I
(11)
and
, 1= Dyl
x( I
r — wo
96(0)——21/211
y'(1)=0
V(0)=0 (12)
, 1)_6051
z'( I
r — wo
Z(O)__6”211

respectively. The equations were solved numerically
using the code COLNEW [23] which solves mixed
systems of ordinary differential equations.

4. Results and discussion

Using the method of analysis developed in ref. [8] we
consider the value of y =i(3S — P)sin 26 as a parameter
to distinguish between the configuration where the direc-
tor i bends between the two plates and the predomi-
nantly biaxial configurations where eigenvalue
exchanges occur. For strong anchoring, y =0 at each
surface because 0 is either 0 or n/2. Furthermore, y(n) is
symmetric with respect to the middle of the cell.
Therefore, its maximum value 1S ymax = y(0-5) and if
»(0-5)#F0, bend has occurred. Conversely, if bend does
not occur, y(0-5)=0. However, when the anchoring is
weak, y does not have to vanish at the plates and does
not have to take its maximum value in the middle of
the cell. Even in this case though, ymax = 0 indicates that
no bend has occurred. By examining the behaviour of
the bend angle 6, it was found that whenever ymax# 0,
bend does happen. To illustrate when bend occurs, in
figure 2 we show the maximum value of y as a function
of D*=1/1; for fixed values of the liquid crystal material
parameters and fixed surface anchoring strengths. Note
that 1/; ~d°, and thus D is a scaled cell thickness. The
case of ymax = 0 is a solution for all values of D, although
not necessarily the stable solution. The case of ymax# 0
is a solution only for certain values of D, and when it

0.2

max
o
=

50 100 150 200

2
D

Figure 2. Order g)arameter ymax as a function of D? for
a=0, b=1/6"2, L=0, G,=005|B1, S1=13, and
1/So = 150.

exists it is always the stable solution. In the case of
strong anchoring at both plates Palffy-Muhoray ez al.
[8] found that when the cell thickness is large, the
ymax # 0 case is always a solution. When the anchoring
is weak, we find a similar result: for D > D¢ bend occurs.
However, as D decreases, the sequence of configurations
is as follows: bend, non-bend, bend, non-bend, where
the re-entrance of bend (between points A and B in
figure 2) depends on the anchoring strength coefficients.

4.1. Configurations

The nematic director is associated with that eigenvec-
tor of the tensor order parameter which corresponds to
the eigenvalue with the largest magnitude. The nematic
is uniaxial if the other two eigenvalues are equal, and
biaxial if they are not. When no bend occurs, the
boundary conditions for the problem are satisfied by a
configuration where the largest eigenvalue is associated
with a different eigenvector in different regions of the
cell. This type of configuration was named an ‘eigenvalue
exchange’ configuration by Palffy-Muhoray et al. [8].
When an eigenvalue exchange occurs, the nematic direc-
tor changes its orientation discontinuously. Typical cases
of eigenvalue exchanges are shown in figure 3. Since in
all cases y =0 throughout the cell, the tensor order
parameter is diagonal, and the eigenvalues are simply
the diagonal elements Q1;, O, and Qs;. In figure 3 (a)
only one eigenvalue exchange can be seen; the exchange
occurs where Q2 changes its sign. If we denote with
n=n2 the point where Q02 =0, then for n<<n2 the
director is & and the molecules on average are oriented
perpendicularly to the plates. For n>ny the largest,
in magnitude, eigenvalue is 033 which is negative, show-
ing that the orientation is in a plane perpendicular to ¢,
which is called a planar alignment. Thus, the orientation
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(a) Exchange E’
. 1
23]
=)
A
2
50
El Q 22
Qi3
0.5 1
n
1 (b) Exchange E"
% Q2
)
=]
5
3] T\n
E 0
Qu
Q33
0.5 1
n
1 (c) Exchange E
a Q4 Qo
=)
=
:
n n
% 0 22 11
—H
[sa]
Q 33
0.5 1
n

Figure 3. Eigenvalues of the tensor order parameter for the
eigenvalue exchange configurations for ¢« =0, b= 1/6'2,
L =0, and G1 =0-05|Bi|: (a) one eigenvalue exchange (E')
close to the homogeneous plate for 1/So=0-5 and D =2;
(b) one eigenvalue exchange (E") close to the homeotropic
plate for 1/So=10 and D =15; (¢) two eigenvalue
exchanges (E) for 1/So =100 and D =100.

changes from homeotropic to planar at nz,. In figure 3 (@)
the eigenvalue exchange occurs close to the homo-
geneous surface. Figure 3 (b) also shows one eigenvalue
exchange, but now the exchange occurs close to the

homeotropic plate. If ni; is the point where Q11 =0,
then for n> 1 the director is v, and for n<<n it is ¢.
Thus, the orientation changes from planar to parallel to
the rubbed direction at n11. We name the configurations
shown in figure 3(«) and (b), E' and E”, respectively.
Figure 3 (¢) shows a configuration where two eigenvalue
exchanges occur. For 1> n; the molecules on average
are oriented parallel to the rubbed direction v. For
n<n2 the orientation is perpendicular to the plates
and for nn<n<<nu the order is planar. We call this
configuration E.

For very small cell thickness, there are configurations
where no bend or eigenvalue exchanges occur, but the
bend angle 6 remains either 0° or 90° depending upon
the dominant surface interaction. Figure 4 shows the
eigenvalues for the configurations 6 =0 and 6 =r/2. As
can be seen, the largest eigenvalue is associated with the
same eigenvector throughout the cell. The director is &
for the #=0 and v for the #=n/2 configuraitons. For
the 6=0 configuration, the biaxiality increases when
the homogeneous plate is approached. For the 8 =n/2

(a) ©=0
2 0
11
21
=
[za]
E 0
Q22
_.l_
Q33
0.5 1
n
1 (b) ©=n/2
% Q22
3
9 9
M Q.
|
0.5 1
n

Figure 4. Eigenvalues of the tensor order parameter for the
constant angle configurations for a =0, b = 1/61’2, L=0,
and G1=0-05|B;|: (a) 6=0° for 1/So=0-1 and D =0-6;
(b) 6=mn/2 for 1/Sp=10 and D =5.
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configuration the opposite occurs: the nematic is more
biaxial at the homeotropic plate.

In the case when the director bends continuously
between the plates, y varies throughout the cell, and the
tensor order parameter is not diagonal. Figure 5 shows
the eigenvalues E;, E», and E3 of the tensor order
parameter, and the change in the bend angle when
director bend occurs. As can be seen in figure 5(a),
the bulk nematic exhibits considerable biaxiality; this
biaxiality decreases when the cell thickness is increased.
In the limit of an infinitely thick cell both the bulk and
the surfaces become uniaxial, the degree of order S does
not change, and the bend angle 0 varies linearly with 7.
This is the usual behaviour known from applying Frank
elastic theory to the problem of a bend cell.

4.2. Phase diagrams
Phase diagrams were calculated in the 1/So — D* plane
for a set of different values of S1, where So= Go/(L 1C)1/2
and S1=Bi/(L 1C)1/2 are dimensionless anchoring
strength coefficients. The anchoring strength coefficient
G1 was chosen to be two orders of magnitude smaller
than B; for any choice of B, thus causing a small

1 (a) Bend
A
E
a 1
-
EJI 0 B
£
E3
0.5 1
n
90
(b)
® 45
0
0.2 0.4 0.6 0.8 1
n

Figure 5. Bend configuration for « =0, b = 1/61’2, L, =0, and
G1=0-05|B1]; (a) eigenvalues of the tensor order para-
meter for 1/So=10 and D =180; (b) bend angle for
1/So=10 and D =180.

amount of biaxiality at the homogeneous surface. The
parameters 4, B, C, and L, entering the Landau-
de Gennes free energy expression [equation (8)] were
held fixed in all calculations. Since Sy is proportional to
the homeotropic anchoring strength, and S; is propor-
tional to the polar anchoring strength at the homo-
geneous plate, the phase diagrams show the possible
configurations in terms of thickness and polar anchoring
strengths.

The phase diagrams obtained for a set of decreasing
values of S; are shown in figures 6-9. Note that in all
diagrams the horizontal axis is 1/Sp and, thus, strong
anchoring corresponds to the axis origin. The configura-
tions for S1=1-3 are shown in figure 6. Figure 6 (a) does
not start at the origin and the part of the diagram that
is left out is shown in figure 6 (b). For comparatively
weak homeotropic anchoring, the bend configuration is
the stable solution down to very small thickness where
a continuous transition to the E” configuration occurs.
The E” configuration, where one eigenvalue exchange
occurs close to the homeotropic plate, is a solution in a
very narrow region. When the cell thickness is decreased,
the position where the eigenvalue exchange occurs
[figure 3 (h)] moves closer and closer to the homeotropic
plate until it finally ‘escapes’ from the cell and the
0 =n/2 configuration is obtained. The dashed line in
the figure denotes the boundary between the E” and
0 =n/2, but no transition occurs along a dashed line.
The E” configuration simply evolves to the 6=r/2
configuration.

For stronger homeotropic anchoring a transition from
the bend to the exchange E configuration occurs at
larger cell thickness, and the bend configuration is
re-entered at small cell thickness. When the cell thickness
is decreased further, again a transition to the E” config-
uration occurs and this configuration eventually evolves
to 0= n/2. For values of So such that Sy is of the order
of S1 or a little weaker, there is no re-entrance to the
bend phase at smaller cell thickness. Now with decreas-
ing cell thickness, the positions where the two eigenvalue
exchanges of the E configuration occur move closer and
closer to the homeotropic plate until they escape from
the sample one by one. Thus, the configuration E evolves
to the E” configuration, and the E” evolves to 6=r/2
when the cell thickness is decreased.

When the homeotropic anchoring is stronger than the
polar anchoring at the homogeneous plate [figure 6 (5)],
with decreasing cell thickness the exchange E configura-
tion first evolves to the E' configuration with one
eigenvalue exchange close to the homogeneous plate.
When the cell thickness is decreased further, the E
configuration is re-entered, after which it evolves to
0=n/2 going through E". For very strong homeotropic
anchoring, when the cell thickness is decreased the E’
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Figure 6. Phase diagram in the 1/So— D* plane for a=0,
b=1/6"2, L, =0, G1=0-05|B1|, and S1=13; (a) weak
homeotropic  anchoring; (b) strong homeotropic
anchoring.

configuration evolves to 6=0, and E' is re-entered at
smaller cell thickness. The E' configuration evolves con-
secutively to E, E”, and 6=n/2 when the cell thickness
is decreased further.

The possible configurations for the case of S;=0-45
are shown in figure 7. It can be seen that the phase
diagram has undergone several changes. The region of
the E” configuration has become smaller and the same

200
(a) 8 = .45
1
150
“ Bend
8100
B
50
bl /‘_,,_
0=n/2
o
100 200 300 400 500
1/ 8
0
25
N (by 8 = .45
20
e Exchange E
15
o™ ~
o
Exchange E’
Lok Bend
\\\ joLl
5 N
0=0 §
i 6=rt/2
ol
2 4 [ 8 10 12 12
1/ s
0

Figure 7. Phase diagram in the 1/8o— D* plane for a=0,
b=1/6"% L=0, G;=0-05|Bi|, and S;=0-45; (a) weak
homeotropic  anchoring; (b) strong homeotropic
anchoring.

has happened to the exchange E configuration
[figure 7 (a)]. The region where the bend configuration
occurs at small cell thickness is now stable even for very
strong anchoring. In figure 7 (b) it can be seen that the
bend solution can also be re-entered from the E' config-
uration and that the regions of the E' and §=0 config-
urations have become larger.

Figure 8 shows the possible configurations when S1 =
0-27. Here the regions of the E” and E configurations
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50
s = .27
40 1
30 Bend
o~
(]
20 E’
10
6=0
= 6=n/2
0 10 20 30 40 50
1/ s
0

Figure 8. Phase diagram in the 1/So— D* plane for a=0,
b=1/6"% L, =0, G;=0-05|B1|, and S;=027.

have disappeared completely and the regions of the E’
and =0 have become larger. In figure 9, where S1=
0-13, the region of the E’ configuration has become very
small and it disappears for smaller values of S;. When
S1 is decreased further, the only possible non-bend
configurations become 6 =0 and 0= n/2, and there are
no eigenvalue exchange configurations.

80

70 S = .13
60F ™.
50 -
N4 40
30 6=0
20

10
0=n/2

20 40 60 80 100

1/ 8
0

Figure 9. Phase diagram in the 1/So— D* plane for a=0,
b=1/6"% L,=0, G;=0-05|B1|, and S, =0-13.

5. Concluding remarks

According to the results discussed in the previous
sections, the configurations that may occur in a hybrid
nematic cell depend strongly on the surface anchoring
strengths and cell thickness. For large cell thickness the
configuration where the director bends continuously
between the bounding surfaces is always stable regardless
of the surface anchoring strengths. For an eigenvalue
exchange configuration to occur, the cell must be
sufficiently thin. Taking 4=0, L1~10""Jm™ and
B~C=0-5%10°Tm ™ for MBBA [24], the required
cell thickness is in the range of 107> to 10~ pm. This
estimation strongly depends on the magnitude of L | and
on A4 (ie. the temperature). The eigenvalue exchange
configuration could be possible in thicker cells for liquid
crystals with larger elastic constants, or at higher
temperature.

When the thickness requirement is satisfied, which
configuration is stable depends upon the anchoring
strengths. Taking into account how the regions of the
various configurations change for different values of Sy,
it can be concluded that configurations of the eigenvalue
exchange type may occur for comparatively strong S
and So of the same order or stronger.

All results were obtained using the equal elastic con-
stants approximation (/2=0), keeping the temperature
at the supercooling limit (¢ =0), and setting B/C =1.
Calculations performed with ,»#0 did not show any
considerable effect on the phase diagrams. The results,
however, are very sensitive to temperature and the B/C
ratio. For a>0 and B/C<1 the region E where two
eigenvalue exchanges occur expands very rapidly to
larger D. If the nematic to isotropic transition does not
occur first, the eigenvalue exchange configuration may
be observable even for conventional liquid crystals in a
narrow temperature interval in cells about 1 um thick.
Thus, eigenvalue exchange configurations may be found
in cells with liquid crystals having small B and large
elastic constants at temperatures close to the clearing
point.

Another way to look for configurations of the eigen-
value exchange type is in liquid crystals confined to
materials, e.g. Silica Aerogel or Vycor glass, which have
very small pore sizes: 0-0175 and 0-007 um, respectively
[25]. However, a difficulty with these materials is that
the pore shapes and anchoring strengths cannot be
reliably controlled.

This work was supported by the National Science
Foundation under the Science and Technology Center
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