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Disorientation-induced disordering at a nematic-liquid-crystal-solid interface
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To explain the observed deviation from the Rapini-Papoular surface energy of nematic liquid crys-
tals, we propose a model of the form Tr[(Qi; — Qo) (Qy; is the quadrupolar order parameter of the
nematic liquid crystal and Qo; a quadrupolar surface field). For a broken anchoring, this model pre-
dicts a surface order decrease AS = 3 (£/d)Ss, where & and d are the coherence and surface extrapo-
lation lengths of the nematic liquid crystal and Sp is the bulk order parameter. A quantitative check
is presented on planar anchoring of various strengths and temperatures.

PACS number(s): 61.30.Gd, 64.70.Md, 68.45.Gd

Nematic liquid crystals can be oriented by solid boun-
daries. This orientation is phenomenologically described
by a surface energy W, which depends in principle on the
surface order parameter S of the nematic liquid crystal
and on the relative orientation of its surface director n
compared to the surface easy axis mg [Z(n,no) =al [1].
For the simplest case of planar amorphous solids, ng is
usually along the normal to the solid surface (‘“homeotro-
pic” orientation), or perpendicular to it (“planar”). In
both cases, W is usually written in the Rapini-Papoular
(RP) form [1]:

=—1(K/d)(n"ngp)?, n

where K is the usual curvature elastic constant of the
nematic liquid crystal and 4 an extrapolation length. In
the presence of a surface disorientation a, W generates a
stabilizing surface torque ==sin(2a). Experimentally the
RP form (1) is found surprisingly to be good [2], at least
for weak anchorings, where d > ¢ [€ is the coherence
length of the nematic-isotropic (N-I) orderingl. Even in
cases where a departure from RP was observed [3], a
correct reanalysis led to its validity [4]. For stronger an-
choring, a departure from RP was reported [5,6]. The
stabilizing surface torque contains new terms = sin(4a).
This correction is stronger close to the N-I transition in
the form of an apparent decrease of anchoring strength
for large surface distortions (nLng) [6-8]. All these
analyses were performed in the approximation that S
remains constant. In this Rapid Communication we show
that in the anchoring of nematic liquid crystals, the depar-
ture from the RP form can be simply explained by a de-
crease of the surface order parameter S, induced by the
surface disorientation from the easy axis no.

In the RP form, S is considered constant and equal to
the bulk value Sg, and the prefactor K depending on S, is
in the form K =% LS4 [9]. The problem is to find a gen-
eralization of the RP form, which takes into account both
S and n variations. To discuss wetting problems, a linear
S term was included in W long ago [10]. A more ela-
borate angular dependence of W was recently proposed
[11], but with no explicit S(a) dependence. We imagine
a simple model where the nematic density does not vary at
the surface, and where the nematic ordering remains uni-
axial, i.e., W depends only on the traceless quadrupolar
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order parameter Q;; =3 S(mn; —1I;/3). The surface is
supposed to orient the nematic liquid crystal through a lo-
calized quadrupolar surface field Q0,~j=% So(no,-noj
-—1,~J~/3). The obvious generalization of the RP form is
now

W=5—ATI[(QU_Q01_,')2] . )

S is the preferred surface ordering for n =ny, calculable
in principle by a microscopic model. We write W as

W=13A4%1{S2+8§—SSo[3(n-ng)2— 11}, (3)
i.e., W looks like RP if S is constant. Equation (3) tells us
the preferred surface ordering S'(a). Writing
AW /oS =0, we obtain

S'(a) =(S0/2)(3cos?a—1). (4)

For a=0, S'=Sy as expected. For large surface disorien-
tation (a=n/2), the preferred surface ordering is
S'= —S8¢/2. This is easily understandable: If we force
nLlng, the nematic molecules tend to take a negative
“diskotic” ordering since at least half of them are well
aligned along Q;;. Equation (3) contains indeed a term
linear in S, as in [10] and is a simplified version for W of
the Ref. [11] expression.

For a realistic prediction on the surface-order-orien-
tation coupling, we must introduce the effect of the bulk
nematic liquid crystal. For a given surface orientation, S
results from a balance between W which tends to fix
S =S"(a), and the bulk nematic liquid crystal which tends
to keep S =S3. A surface torque equation must also be
written to determine n. We write the two surface equa-
tions which determine n,S in a simple case. ng is assumed
to be planar. n is oriented toward the normal z by an
external field Ellz, through the dielectric anisotropy ¢, > 0
of the nematic liquid crystal. We call (n,z) =6. As usual,
we introduce the electric coherence length &g defined by
(eo/47)E*=KEF 2. The surface torque equation now be-
comes

oW _ o
86 “dz| .,

= —(K/&g)siné. (5)
The surface order equation, in the isotropic approxima-

R6174 © 1992 The American Physical Society



46 DISORIENTATION-INDUCED DISORDERING AT A NEMATIC-. ..

tion, is [10]
oW 5 ds

——=7L|_

3S s =—3L,(S—Sp)/E, (6)

z =0

valid when S is close to Sp.
In the absence of angular distortion (6 =7/2), (6) and
(3) allow one to calculate the surface order S(z/2), as

S(IK/2)=[SB+(A§/L])S0]/[1+A§/L|]. 7)

S(n/2) =Sp (the RP model) if So=Sp. For small angu-
lar disorientation a=n/2—0, we can fit W with the RP
expression () in the form W =% (K/d)(x/2—6)? by
choosing 4 =(L,/d)[S3/S(n/2)S,). For an arbitrary 6,
we obtain from (6) the surface order value:

S(0)=Sg{l —(¢/d)[Ss—S'(6)1/So} . 8)

The normalized decrease in surface order As(8) =[S (n/
2) —S(8)1/Sg is maximum for § =0 with the value

As =3 (¢/d). 9)

As is independent of S. It occurs even when So=Sj3; i.e.,
the constant S hypothesis is incompatible with our model.
The point is that As can be measured even when one does
not know Sy. The disorientation-induced As(8) is linear
in £/d, i.e., visible only for disoriented strong anchorings.
It is intrinsically different from the curvature-induced sur-
face melting [12], which is quadratic in &/d, maximum at
maximum torque (i.e., when 6 = n/4), and zero for 6=0.
From (3) and (8) we obtain the torque equation:

aw

90 =—(K/d)[(1 —As/2)sin(26)/2

—(As/2)sin(46)/4] . (10)

The disorientation-induced decrease of the surface order
leads to a relative decrease in the surface torque
== (&/d)sin46. From (10) and (5) we obtain the electri-
cal saturation length &gs for the complete surface
disorientation 6 =0 in the form

Ees=dll+As(U+ L+ 2e,/e)]. an

For As=0, we do obtain the RP result: &gs=d. For
As=0, (11) predicts &gs>d, i.e., a complete surface
“breaking” for a smaller electrical field. The first term in
As comes from (10), the second one from the S depen-
dence of &g. The last term in As comes from the change
in the applied surface electric field E(As), through the
dielectric condition (D, =const, D electric displacement).
For small 6, a simple calculation gives

AE/E0) =[E(As) —E(0)I/E ) = 2 (e,/e1)As ,

where ¢ is the dielectric constant for Elin.

Our model explains well the observed sin(46) depen-
dence of the anchoring torque from Refs. [5,6]. In these
first observations, however, the anchoring strength and
temperature dependence of the effect were not measured.
To check our predicted £/d dependence, we resume the ex-
perimental determination of the surface torque for various
nematic planar anchorings under the action of a disorient-
ing electric field.
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The planar surface to study is associated with a homeo-
tropic plate to result in a “hybrid” nematic cell. The cell
boundaries consist of two indium tin oxide- (ITO) coated
glass plates which act as transparent electrodes: the upper
plate is silane dimethyloctadecyl-3-(trimethoxysilyl)
propylammonium chloride (DMOAP) coated [13] to ob-
tain strong homeotropic anchoring. The lower planar
plate is obliquely SiO evaporated or by rubbing of polivi-
nyl alcohol (PVA). The two plates are sandwiched with
3-5-um-thick Mylar spacers. The empty cell thickness &
is adjusted by screw tightening and is measured in the
range (2.7-3.5) £ 0.1 um with an optical interference set-
up. The cell is filled with the nematic compound 4-pentyl
4'-cyanobiphenyl (5CB), which presents a positive dielec-
tric anisotropy €,= 10 [14], and placed in an electric
oven, with temperature control better than 0.025°C. The
antagonistic boundary conditions force a splay-bend tex-
ture in the volume, the profile of which can be exactly cal-
culated from the known corresponding curvature con-
stants K; and K3 [15]. We apply an ac pulsed electrical
field E, perpendicular to the electrodes, with & < h. The
field tends to align the molecules along z, normal to the
plates. It decreases the hybrid cell birefringence down to
zero when &g =Egs, ie., when the planar anchoring is
forced to become homeotropic. A measurement of AL, the
cell difference optical thickness for ordinary and extraor-
dinary rays, allows the calculation [16] of the surface an-
gle 6(&g) at the planar plate, and of the volume integrat-
ed surface torque I'(é¢); we obtain I'(9) (0 < 6 < n/2) as
in Ref. [6]. In these calculations we take into account not
only the nonuniformity of the field but also the elastic con-
stant renormalization from the flexoelectric effect [17],
because, for strong anchoring, &g = d can be smaller than
the Debye screening length. The electrical field E is
pulsed, with pulse duration At = 1 ms and pulse interval
T == | s, to minimize heating effects. The ac frequency is
chosen = 100 kHz, lower than the dielectric relaxation,
but high enough to prevent a linear flexoelectric response.
We can measure AL down to + 5 A.

We present AL(£g) in Fig. 1(a) and I'(9) in Fig. 1(b)
for the SiO-coated planar anchoring, at AT=TyN.,—T
=0.025°C. In Fig. 1(a), the dashed curve represents the
RP extrapolation fitted on low-field (large ££) measure-
ments. It is not a straight line, because of the aforemen-
tioned corrections. We find d =1200 A. One sees clearly
a deviation for high field, as already reported [5,6]. AL
goes down to zero for &gs>d. Actually, we find
&es =2400 A by extrapolating the experimental points to
AL =0. From &gs, d, and (11), we estimate the maximum
decrease of normalized order parameter As =0.55. This
means that the surface order parameter S decreases by a
factor of 2 when the surface orientation is broken. Using
(9), we now calculate £=440 A. At the transition, the
coherence length is known to be between 85 and 120 A
[18]. Our measured & is about 4 times larger than the
bulk one. This could be related to the poor validity of
linear expansions (9) and (11) when As=0.55. In Fig.
1(b), the dashed curve is the RP [sin(260)] prediction,
fitted again from the low-field data. The solid line is the
least-squares fit of I'(8) in Eq. (10). One sees clearly an
important contribution of sin(40). The fit gives As =0.65.
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(@ y ;E 1.0 ) — TABLE II. Anchoring extrapolation length (d), electrical
- 9 % 3} )/ AN saturation length (£gs), the maximum decrease of normalized
et 7 } /) Q surface order parameter (As), and the coherence length (&) for
':?‘ ) e 5 4 K three planar anchorings measured at the same temperature
-~ | £ " 0.5 / AT =0.1°C. The values of As and & are obtained by the mea-

3 pe S /) sured value of d and &gs via Egs. (11) and (9).
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FIG. 1. (a) The cell difference optical thickness for ordinary
and extraordinary rays (AL) vs the electrical coherence length
(&g) for planar SiO anchoring at AT =0.025°C. The dashed
curve represents the RP extrapolation fitted on low-field (large
&) measurements. d and Egs are determined by the extrapola-
tion to AL =0 of the RP curve and the interpolation of experi-
mental points, respectively. We find d =1200 A and &gs =2400
A. (b) The surface torque I'(8) vs the surface polar angle 6
reconstructed from AL(£g) data of (a). The dashed curve rep-
resents the RP torque fitted on angle 6= /2 measurements.
The solid line represents the fit on all points via Eq. (10) with
d=1200 A. We find As =0.65.

In fact, as explained for the birefringence data, the field,
&g and then I' and @ must be corrected. As the I'(9) data
are reconstructed from AL (£g), we should make the same
corrections on As as we have made for £gs. The correction
factor corresponds to the three contributions in As in (11),
whose sum is == 1.8. This results in As == 0.65/1.8 == 0.35.
The discrepancy (As =0.35 vs As =0.55) could be due to
the fact that the expansion (11) is valid for 8 == 0, whereas
the fit in Fig. 1(b) takes into account the whole range of 6
angles [0, n/2]. A more exact calculation will be given
elsewhere [16].

The temperature dependence of the effect on As is
shown in Table I. For SiO, for instance, we measure d
and &gs for five different temperatures. We calculate As
from (11), &€ from (9), and &, by the expression &, =&
(T** — Ty )/(T** —T)1'2, where £ =85-120 A [18]
and T** —Ty.;=0.16 [10]. Qualitatively, we can ob-
serve that As is larger for temperatures 7 = Ty.; where
even the values of & are different from those expected of
& =¢&,p; again this discrepancy is likely due to the poor va-
lidity of our model for As = 1. In contrast, for tempera-
tures where As < 1; i.e., in the limit of validity of linear
expansions (9) and (11), the predictions of our model are

in good agreement with the experimental data. A more
detailed report on the temperature dependence will be
given elsewhere [16].

Finally in Table II, we compare the anchoring strengths
and the decrease of order parameter of three planar an-
chorings using the same liquid crystal 5CB at the same
temperature AT =0.1°C. In addition to the already stud-
ied SiO-coated plate, we measure the behavior of two
PV A-coated plates rubbed with different velvets. We can
observe that As is larger when d is smaller, i.e., for
stronger anchoring. This trend agrees with our model.

To conclude, the surface anchoring torque of nematic
liquid crystals on solid amorphous surfaces was reported
to deviate from the simple harmonic angular law, the so-
called RP approximation. In this paper, we have present-
ed a model and have performed experiments to explain
this deviation. The easy surface orientation is defined by
the direction of a quadrupolar surface field. A disorienta-
tion from this surface field direction results in a disorder-
ing of the nematic liquid crystal at the surface, from the
competition between the surface field and the nematic or-
dering mean field. The maximum decrease of surface or-
der is proportional to (£/d) Sp, i.e., the ratio of the coher-
ence length of the N-I transition to the surface extrapola-
tion length times the bulk order parameter. Our experi-
ments on various planar anchorings of different strengths
at different temperatures, are in good agreement with our
model within its validity limit, i.e., £/d < 1. Formally, our
model of anchoring energy appears to be a particular case
of previously proposed expressions; however, it also con-
siders the disorientation-ordering coupling. Any other
model of surface anchoring energy has to take into ac-
count this coupling. It could be improved by weighing the
biaxial character of the distorted surface ordering, and a

TABLE I. Temperature dependence of the anchoring extrapolation length (d), electrical saturation
length (£gs), the maximum decrease of normalized surface order parameter (As), and the coherence
lengths (£ and &) for planar SiO anchoring. As and & are calculated from d and &gs via Eqs. (11) and
(9). & is obtained by Em=&(T** — Tw.)/(T** —T)1"2, with &=85-120 A [18] and 7** —

Tn.1=0.16 [10]

AT (°C) d (A) &es (A) As & (A) En (A)
0.025 1200 2400 0.55 440 105 £ 20
0.1 900 1300 0.24 145 80+ 10
0.28 700 900 0.16 75 60+ 10
0.4 720 870 0.11 55 50+ 10
0.5 580 700 0.11 45 45+5
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possible change of surface density. It would be interesting
to measure directly the drop of order at the surface and,
also, to use the proposed surface energy to discuss surface
wetting problems. Note finally that analogous deviations
from a simple harmonic angular torque dependence have
been reported on other anisotropic ordered systems, as
high-T, superconductors in magnetic field [19]. It would
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be interesting to investigate that part of the deviation
which could be related to an angular change of the super-
conductor order parameter.
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