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Temperature-induced surface transition in nematic liquid crystals oriented by evaporated SiOx

G. Barbero,1,2 P. Jägemalm,3 and A. K. Zvezdin1,2,4

1Dipartimento di Fisica del Politecnico di Torino and Istituto Nazionale di Fisica della Materia, INFM, Corso Duca degli Abruzzi
10129 Torino, Italy

2Joint Laboratory of Orientationally Ordered Materials (OOM-Lab), Corso Duca degli Abruzzi 24, 10129 Torino, Italy
3Iwan-N-Stranski-Institut, Technische-Universita¨t-Berlin, Strasse des 17 juni 135, 106 23 Berlin, Germany

4Institute of General Physics of the Russian Academy of Sciences, Valivov Street 38, 117942, Moscow, Russia
~Received 15 November 2000; revised manuscript received 22 March 2001; published 17 July 2001!

Temperature induced surface transitions observed in nematic liquid crystals oriented by obliquely evaporated
SiOx are analyzed. It is shown that the experimental data can be interpreted with a theory for the thermal
renormalization of the anisotropic part of the surface energy based on the mean field approximation. By
assuming that the nematic scalar order parameter is given by the Maier-Saupe theory, the fit is obtained with
only one free parameter. The temperature behaviors of the polar and azimuthal angles are in agreement with the
proposed model over the whole temperature range.
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I. INTRODUCTION

Nematic liquid crystals in contact with an anisotrop
solid substrate are oriented in a well defined manner@1#. In
the absence of bulk distortion, the direction imposed by
surface is called ‘‘easy axis.’’ It is defined as the surfa
nematic orientation minimizing the anisotropic part of t
surface energy,f s , which describes the nematic-substrate
teraction. To theoretically analyze the temperature dep
dence of the easy axis,f s is usually expanded in terms of th
elements of symmetry characterizing the solid substrate
the nematic liquid crystal@2#. The solid substrate is charac
terized by its surface normal and its crystallographic ax
whereas the nematic liquid crystal is characterized by
tensor order parameterQ @3#. The elements of this tensor ar
Qi j 5(3/2)SNi j , whereS is the nematic scalar order param
eter, Ni j 5ninj2(1/3)d i j (nk being thek Cartesian compo-
nent of the nematic director!, and d i j the elements of the
three-dimensional identity tensor. By operating in this w
f s is written as

f s5 (
m50

`

Rm , ~1!

where R0 is n independent; R25Mi j
(2)Ni j , R4

5Mi jkl
(4) Ni j Nkl , and so on, andM (2i ) are tensors of 2i order

characterizing the substrate. Expression~1! allows one to
write f s in terms of the symmetry of the problem. It is rig
orous and always possible. However, the use of Eq.~1! is
possible only if it reduces to a polynomial, or if we have
idea about the convergence of the series. This implies th
should be possible to identify a small parametere in the
problem, and to consider Eq.~1! as a power expansion ine.
In the past, the nematic scalar order parameterSwas used as
a small parameter@4–7#. However, since the nematic
isotropic phase transition is of first order, with a jump
order parameterDS;0.3 at the nematic-isotropic temper
ture,S is never very small@8#. Consequently, an expansion
the type~1! in power of S up to the second order may b
questionable@4–7#.
1063-651X/2001/64~2!/021703~5!/$20.00 64 0217
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In a recent paper we proposed a mean field analysis of
anisotropic part of the surface energy. According to o
model @9#, valid in the weak anchoring case, tensorsM (2i )

scale with the temperature according to the lawM (2i )(T)
}S2i(T), whereS2i(T) is the 2i th nematic scalar order pa
rameter@10#. In Ref. @9# we analyzed experimental data o
tained by other groups, and found a good agreement with
theory. The data analyzed were relevant to plan
homeotropic temperature surface transitions@11–13#. In this
case there is only one curve to be fitted, with two free p
rameters. Consequently a good agreement between th
and experiment is not too surprising. For this reason, in
paper, we analyze the temperature surface transitions
served in nematic samples aligned by SiOx-evaporated sur-
faces@14,15#. In this case, changing the temperature, bo
the polar and the azimuthal angles, characterizing the n
atic director, change. Hence it is necessary to fit, with
same parameters, two angles vs temperature. We will s
that this is actually possible with only one free parame
The model presented here will also be compared to a pr
ously published model for the same phenomenon@7#.

Our paper is organized as follows. In Sec. II the anis
tropic part of the surface energy relevant to a nematic liq
crystal in contact with a SiOx-evaporated surface is analyze
and the possible temperature induced surface transitions
cussed. In Sec. III we compare our prediction with the e
perimental data, and show that a reasonably good agree
between theory and experiment is achieved, although o
one free parameter appears in the model. The main limit
our model are discussed in Sec. IV.

II. SURFACE ENERGY

Let us consider a nematic liquid crystal in contact with
flat solid substrate, over which SiOx has been evaporated a
an anglea with respect to the geometrical normal of th
substrate. The Cartesian reference frame used has thez axis
parallel to the geometrical normal, they axis in the evapora-
tion plane, which coincides with the (y,z) plane. It follows
that thex axis is parallel to the grooves produced by t
©2001 The American Physical Society03-1
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evaporation@16#. The anisotropic part of the surface ener
of the system is, at the fourth order inn, and in analogy with
Eq. ~1!,

f s5
1
4 Li jkl ninjnknl1

1
2 Hi j ninj . ~2!

From the symmetry of the problem, we have

f s~nx ,ny ,nz!5 f s~2nx ,ny ,nz!, ~3!

which restricts the number of elements in expression~2!. By
putting L5Li jkl ninjnknl , and H5Hi j ninj , expression~2!
can be written asf s5(1/4)L1(1/2)H. Using condition~3!,
L andH reduce to

L5A1nx
41A2ny

41A3nz
41B1nx

2ny
21B2nx

2nz
21B3nx

2nynz

1C1ny
3nz1C2ny

2nz
21C3nynz

3 ~4!

and

H5a1nx
21a2ny

21a3nz
21bnynz . ~5!

Expressions~4! and~5! are valid for all problems having th
symmetry of Eq.~3!. In this case, taking into account th
unu51, and hencenx

21ny
21nz

251, it is possible to rewrite
expressions~4! and ~5! as

L5~A11A22B1!ny
41~A11A32B2!nz

4

1~2A12B12B21C2!ny
2nz

21~B31C3!nynz
31C1ny

3nz

1~B122A1!ny
21~B222A1!nz

21A1 ~6!

and

H5~a22a1!ny
21~a32a1!nz

21bnynz1a1 . ~7!

From expressions~6! and~7! we conclude that, in general,
condition ~3! holds, f s contains ten phenomenological p
rameters. The actual nematic orientation, in the absenc
bulk distortion, is obtained by minimizingf s5 f s(ny ,nz)
with respect tony andnz .

In our case the situation is simpler. According to the e
perimental data~also see Ref.@14#!, n moves on the plane
(x8,y8), shown in Fig. 1, forming the angle (p/2)2a with
the (x,y) plane, which coincides with the substrate. The e
istence of this plane was discussed long ago by Monk
et al. @17# and Jeromeet al. @18#. An analysis of the anchor
ing energy of a nematic liquid crystal over a grazing Six
evaporated amorphous substrate, based on the symm
was developed by Nobili and Durand@19#.

The reason why surface reorientation takes place o
plane, when the evaporation angle is in a well defined ran
can be understood using mechanical arguments. As discu
by Goodmanet al. @20#, in special conditions of evaporation
there is the formation of SiOx structures giving rise to the
grooves. In the evaporation plane, the shape of these s
tures is columnarlike. The columns are nearly parallel to
evaporation direction. Let us assume that the SiOx material
imposes a planar alignment of the liquid crystal in cont
with it, and that the nematic molecules can rotate on the Sx
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substrate. In this framework, only if the nematic director
moving on the plane defined by the column and the groo
there is no elastic deformation. Since the easy direction
to minimize the anisotropic part of the surface energy,
conclude that the temperature surface transition has to
place on this plane.

In the reference frame (O,xyz), n is defined by n
5(sinu sinf,sinu cosf,cosu), whereas in the referenc
frame (O,x8y8z8) is defined byn5(sinc,cosc,0). Sincen
is moving on the plane (x8,y8) we haveny5nztana, as
follows from Fig. 1. In the reference frame, wherenz850, f s
given by Eq.~2!, taking into account Eqs.~6! and ~7!, be-
comes

f s52 1
4 Any8

4
2 1

2 ~B2C!ny8
2

1D, ~8!

where we have putA5B12(A11A2), B52A12B1 , C
5a22a1, andD5A11a1. As follows from Eq.~8!, in the
particular case under investigation, the expression for
anisotropic part of the surface energy contains only two p
nomenological parameters,A and B2C, whereasD can be
included in the isotropic surface tension characterizing
interface nematic-solid substrate. The actual value ofny8 is
the one minimizingf s , under the hypothesis that the samp
is characterized by uniform nematic orientation; hence th
is no bulk elastic deformation.

In terms ofc, f s , given by Eq.~8! reads

f s52 1
4 A cos4c2 1

2 ~B2C!cos2c1D. ~9!

The stable states are obtained by puttingd fs /dc50, whose
solutions are

c50, c5p/2 and cos2c* 5~C2B!/A. ~10!

The solutions are stable ifd2f s /dc2.0, i.e.,

FIG. 1. Schematic representation of the temperature indu
anchoring transition of a nematic liquid crystal on a SiOx surface
~the arrows indicate the direction of motion upon increasing
temperature!. Thez axis is parallel to the geometrical normal of th
substrate, whereas the evaporation plane coincides with the (y,z)
plane. The anglea is the evaporation angle. During th
temperature-induced anchoring transition,n remain in the plane
(x8,y8). Note that the director orientation is in principle symmetr
with respect to the evaporation plane; see Ref.@14#.
3-2
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S d2f s

dc2 D
0

5A1B2C.0,

S d2f s

dc2 D
p/2

5C2B.0, ~11!

S d2f s

dc2 D
c*

5
@C2~A1B!#~C2B!

A
.0.

According to our model concerning the thermal renorm
ization of the surface energy@9#,

A5mS10/3, B5nS10/3, C5qS, ~12!

wherem, n, andq are temperature independent coefficien
Expressions~12! hold in the Akulov-Zener limit, where
^P4&;S10/3, as discussed in Ref.@9#. In this approximation
the stable tilted solution of Eq.~10! can be written as

cos2c5
qS2nS10/3

mS10/3
, ~13!

where we have removed the asterisk. Equation~13! allows
one to analyze the temperature dependence of the su
director if the nematic scalar order parameterS5S(T) is
known.

III. COMPARISON WITH EXPERIMENTAL DATA

To compare our theoretical predictions with the expe
mental data, let us assume that there are two temperatureT1
and T2 such that~a! for T>T1 the stable orientation isc
5p/2, and~b! for T<T2 the stable orientation isc50. The
temperature T1 has been experimentally detected (T1
;51 °C), whereasT2 has not been observed experimental
however to have a good agreement between the model
the experimental data, we assumeT2;20 °C, which is
within a realistic range. The temperatureT2 is, in our theo-
retical analysis, a kind of virtual critical temperature co
nected with a surface transition toward the uniform tilt
alignment (n perpendicular to the grooves!. From the defini-
tion of T1 andT2 it follows that

q5nS1
7/3 and m5n@~S1 /S2!7/321#, ~14!

where S15S(T1) and S25S(T2). Consequently, Eq.~13!
can be rewritten as

cosc5A 12~S1 /S!7/3

12~S1 /S2!7/3
5At, ~15!

which gives real solutions only ifS1<S<S2. Conditions
~11! relevant to the stability of the different orientations, u
ing Eqs.~12! and ~14!, read
02170
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S d2f s

dc2 D
0

5nS10/3@~S1 /S2!7/32~S1 /S!7/3#.0,

S d2f s

dc2 D
p/2

5nS10/3@~S1 /S!7/321#.0, ~16!

S d2f s

dc2 D
c*

5n
@~S1 /S!7/32~S1 /S2!7/3#@~S1 /S!7/321#

@~S1 /S2!7/321#
.0,

which imply S.S2 , S,S1, and S1,S,S2, respectively.
Note that in Eq.~15! only T2 is a free parameter, becauseT1
has been detected experimentally.

Whenc5c(T) is known, it is possible to determine th
angles characterizingn in the laboratory frame (O,xyz), u
and f. From Fig. 1 it follows that cosu5cosa cosc, and
tanf5tanc/sina. Using expression~15! for cosc(T), we
obtain, finally,

cosu5cosaAt ~17!

and

tanf5
1

sina
A12t

t
. ~18!

In Eqs. ~17! and ~18! there is only one free parameterS2,
sinceS1, connected with the high temperature surface tr
sition, anda, the evaporation angle, are experimentally d
tected.

To fit the experimental data, we assume thatS is given by
the Maier-Saupe mean field theory. In this framework t
nematic scalar order parameterS is given by the self-
consistent equation@8#

S5

E
0

1

P2~cosj!exp@bvSP2~cosj!#d~cosj!

E
0

1

exp@bvSP2~cosj!#d~cosj!

, ~19!

whereP2(cosj)5(3/2)(cos2j21/3) is the second order Leg
endre polynomial,b51/kBT, andv a material parameter de
termined by the nematic-isotropic phase transition tempe
ture TNI by means of the equationkBTNI /v50.22019.

The temperature induced transitions start at a posi
somewhere on the plane (x8,y8) ~see Fig. 1!, where the start-
ing position depends on the evaporation angle@14#. Then, as
the temperature is increased, the molecules reorient tow
an orientation parallel to thex8 axis. A representative set o
measurements of the temperature induced transition
scribed above is shown in Fig. 2, together with the best fi
Eqs.~17! and~18! ~solid lines!, obtained forT2520 °C. This
value of T2 is consistent with the experimental data. Als
shown is the fit of a previously published model@7# using
four free parameters~dashed lines!. The agreement betwee
the model and the experimental data, as well as the pr
ously published model, is reasonably good for both the po
3-3
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and azimuthal angle over the whole temperature range.
is especially apparent when considering thatboth the solid
curves shown in Fig. 2 were obtained by only using one a
the same free parameter for the two curves. It is true that
dashed lines are slightly closer to the data points, but
should be expected for a model with four free paramet
The model is also sounder in that it avoids using the assu
tion that the order parameter should be small~which is not
really the case!. The experimental data shown was taken o
sample with 200 Å thick~measured perpendicular to th
glass substrate! SiOx evaporated ata573°, cf. Fig. 1. The
two substrates of the cell were aligned antiparallel and wit
separation of 6mm, and this gap was filled with the nemat
liquid crystal E7~Merck Ltd!. The details of the cell prepa
ration, experimental setup, and more experimental res
can be found in Ref.@14#. The experimental data presented
Fig. 2 were measured upon heating, neglecting a small
teresis found in the original data@14#. This simplification
was introduced since the theoretical model is limited
hysteresis-free phenomena.

To practically obtain the fits~solid lines! shown in Fig. 2,
we first solved Eq.~19! for Sover the temperature interval i
question. Then expression~15! was used, together with Eqs

FIG. 2. Experimental values of the polaru(o) and azimuthal
f(1) angles characterizing the nematic surface director vs the t
peratureT. The solid lines are the theoretical best fits obtained
means of Eqs.~17! and~18!, derived from the model for the therma
renormalization of the anisotropic part of the surface energy, w
T2520 °C. The dashed lines represent the model presented in
@7#.
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~17! and~18!, which only leavesS25S(T2) ~or ratherT2) as
a free parameter, sinceS1 is fixed byT1 ~see the beginning
of this paragraph!. The best fit of the experimental measur
ments is obtained forT2520°, which is, as underlined
above, within a realistic range.

To ensure that the Akulov-Zener limit, wherêP4&
;S10/3, is valid, we also calculatedu and f using the full
expression for̂ P4&. In this case, Eq.~19! has to be com-
pleted with a corresponding equation forS4, using the fourth
order Legendre polynomial, givingS4 as a function of tem-
perature. Also, Eqs.~17! and ~18! will have a more compli-
cated form without using the approximation above, but
calculations are straightforward. Once again, the fits can
obtained usingT2 as a free parameter@here affecting both
S(T2) andS4(T2)#, and it turns out that the fits are very clos
to the ones shown in Fig. 2. In particular the best fits
obatined for the same value ofT2520 °C. Therefore, we
draw the conclusion that the Akulov-Zener limit is indee
valid for our case.

IV. CONCLUSIONS

We have analyzed a temperature surface transitions
served in nematic samples oriented by obliquely evapora
SiOx . We have shown that this phenomenon can be in
preted in the framework of a model for the thermal ren
malization of the anchoring energy of nematic liquid cryst
recently proposed. The agreement between the experime
data and the theoretical best fit is reasonably good, eve
the nematic scalar order parameter is evaluated in the Ma
Saupe approximation. Of course, the agreement could be
proved if the nematic is described by means of a general
Maier-Saupe model, where the number of free paramete
larger. Nevertheless, the good agreement between our th
and the experiment data represents a confirmation of
model of the thermal renormalization of the anchoring e
ergy. We have also shown how our new model represen
major theoretical improvement from a previously publish
model.
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