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Temperature-induced surface transition in nematic liquid crystals oriented by evaporated SiQ)
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Temperature induced surface transitions observed in nematic liquid crystals oriented by obliquely evaporated
SiO, 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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[. INTRODUCTION In a recent paper we proposed a mean field analysis of the
anisotropic part of the surface energy. According to our
Nematic liquid crystals in contact with an anisotropic model[9], valid in the weak anchoring case, tenst$®”
solid substrate are oriented in a well defined marfig¢rin  scale with the temperature according to the IBA?)(T)
the absence of bulk distortion, the direction imposed by the<S,;(T), whereS,;(T) is the 2th nematic scalar order pa-
surface is called “easy axis.” It is defined as the surfacerameter{10]. In Ref.[9] we analyzed experimental data ob-
nematic orientation minimizing the anisotropic part of thetained by other groups, and found a good agreement with our
surface energy, which describes the nematic-substrate in-theory. The data analyzed were relevant to planar-
teraction. To theoretically analyze the temperature deperhomeotropic temperature surface transitiphs—13. In this
dence of the easy axi§; is usually expanded in terms of the case there is only one curve to be fitted, with two free pa-
elements of symmetry characterizing the solid substrate anthmeters. Consequently a good agreement between theory
the nematic liquid crystdl2]. The solid substrate is charac- and experiment is not too surprising. For this reason, in this
terized by its surface normal and its crystallographic axespaper, we analyze the temperature surface transitions ob-
whereas the nematic liquid crystal is characterized by theerved in nematic samples aligned by s&Yaporated sur-
tensor order paramet€ [3]. The elements of this tensor are faces[14,15. In this case, changing the temperature, both
Qij=(3/2)SN; , whereSis the nematic scalar order param- the polar and the azimuthal angles, characterizing the nem-
eter,Nj;=n;in;—(1/3)8;; (ny being thek Cartesian compo- atic director, change. Hence it is necessary to fit, with the
nent of the nematic directprand &;; the elements of the same parameters, two angles vs temperature. We will show
three-dimensional identity tensor. By operating in this way,that this is actually possible with only one free parameter.
fs is written as The model presented here will also be compared to a previ-
ously published model for the same phenomefdn

‘- i R 1 Qur paper is organized as follows. In Sec. Il the aniso-
§T & fme tropic part of the surface energy relevant to a nematic liquid
crystal in contact with a Si@evaporated surface is analyzed,
where R, is n independent; R,= Mi(jz)Nij , R4 and the possible temperature induced surface transitions dis-

=M{N;;Nyi, and so on, ant1®) are tensors of 2order ~ cussed. In Sec. Ill we compare our prediction with the ex-
characterizing the substrate. Expressidh allows one to  perimental data, and show that a reasonably good agreement
write f in terms of the symmetry of the problem. It is rig- between theory and experiment is achieved, although only
orous and always possible. However, the use of @yis one free parameter appears in the model. The main limits of
possible only if it reduces to a polynomial, or if we have anour model are discussed in Sec. IV.

idea about the convergence of the series. This implies that it

should be possible to identify a small parame&em the Il. SURFACE ENERGY
problem, and to consider E(l) as a power expansion i
In the past, the nematic scalar order param8teas used as Let us consider a nematic liquid crystal in contact with a

a small parametef4—7]. However, since the nematic- flat solid substrate, over which Sj(as been evaporated at
isotropic phase transition is of first order, with a jump of an anglea with respect to the geometrical normal of the
order parameteA S~0.3 at the nematic-isotropic tempera- substrate. The Cartesian reference frame used hasakis
ture, Sis never very small8]. Consequently, an expansion of parallel to the geometrical normal, tlyeaxis in the evapora-
the type(1) in power of S up to the second order may be tion plane, which coincides with they(z) plane. It follows
questionablé¢4—7]. that thex axis is parallel to the grooves produced by the
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evaporatior{16]. The anisotropic part of the surface energy N Az
of the system is, at the fourth orderiinand in analogy with | Lo
Eq. (1), ; >/
g.(1) 502
f5=%Lijkminjnkm-l-%Hijninj. (2) g sugg’rsaste

From the symmetry of the problem, we have ¢
A
fs(ny,ny,n)=fg(—ny,ny,ny), 3 @'v
which restricts the number of elements in expressR)nBy = w2
putting £=Ljmnngn;, and H=H;;nin;, expression(2) : X=X
can be written as .= (1/4)L+ (1/2)H. Using condition(3), ) ) _
£ and’H reduce to FIG. 1. Schematic representation of the temperature induced
anchoring transition of a nematic liquid crystal on a S&brface
L=AnE+ A2n§+A3n‘Z‘+ Bln§n§+ B,nZn2+ B3n>2<nynz (the arrows indicate the direction of motion upon increasing the
temperaturg Thez axis is parallel to the geometrical normal of the
+C1n§nz+ C2n§n§+ C3nyn§ (4)  substrate, whereas the evaporation plane coincides withytiz} (
plane. The anglea is the evaporation angle. During the
and temperature-induced anchoring transition,remain in the plane
5 5 5 (x',y"). Note that the director orientation is in principle symmetric
H=ajn;+apny+agn;+bnyn,. (5)  with respect to the evaporation plane; see [Rid].

Expressiong4) and(5) are valid for all problems having the g hirate. In this framework, only if the nematic director is
symmetry of Eq.(3)é In 2th|s zcase,_ta_lklng into account that mqying on the plane defined by the column and the grooves
In[=1, and hencen, +ny+n;=1, it is possible to rewrite {here is no elastic deformation. Since the easy direction has
expressions4) and(5) as to minimize the anisotropic part of the surface energy, we
L= (At Ap— Bl)n§+(A1+A3— Bz)nﬁ g?arlccelugr? ttr:ztptlr;erzl;emperature surface transition has to take
+(2A1—Bl—Bz+Cz)n§n§+(Bg+Cg)nyn§+Cln§nz In the reference frameQ,xy2), n is defined byn
=(sin#sin¢,sindcos¢,cosd), whereas in the reference
+(B1—2A))NS+(B,—2A)NS+ A, (6) frame (O,x'y’z’) is defined byn= (sin,cosy,0). Sincen
is moving on the planex(,y’) we haven,=n.ana, as
and follows from Fig. 1. In the reference frame, wherg=0, f

given by Eq.(2), taking into account Eqg6) and (7), be-
H=(a,—a,)n;+(az—a)n;+bnyn,+a;. ™ comes

From expression&) and(7) we conclude that, in general, if 1.4 1 2
condition (3) holds, f4 contains ten phenomenological pa- fs _ZAny'_i(B_C)ny'+Dv ®)
rameters. The actual nematic orientation, in the absence of
bulk distortion, is obtained by minimizings=f¢(n,,n,) where we have puA=B;—(A;+A,), B=2A;—B;, C
with respect tan, andn, . =a,—a;, andD=A;+a;. As follows from Eq.(8), in the

In our case the situation is simpler. According to the ex-particular case under investigation, the expression for the
perimental datdalso see Ref[14]), n moves on the plane anisotropic part of the surface energy contains only two phe-
(x",y"), shown in Fig. 1, forming the angler{2)— «a with nomenological parameter, and B—C, whereasD can be
the (x,y) plane, which coincides with the substrate. The ex-included in the isotropic surface tension characterizing the
istence of this plane was discussed long ago by Monkaditerface nematic-solid substrate. The actual value,ofis
et al.[17] and Jeromet al. [18]. An analysis of the anchor- the one minimizing s, under the hypothesis that the sample
ing energy of a nematic liquid crystal over a grazing SiO is characterized by uniform nematic orientation; hence there
evaporated amorphous substrate, based on the symmetiy,no bulk elastic deformation.

was developed by Nobili and Durand9]. In terms of ¢, fg, given by Eq.(8) reads
The reason why surface reorientation takes place on a
plane, when the evaporation angle is in a well defined range, fe=—1Acody—3(B—C)cosy+D. 9

can be understood using mechanical arguments. As discussed
by Goodmaret al.[20], in special conditions of evaporation
there is the formation of SiQstructures giving rise to the
grooves. In the evaporation plane, the shape of these stru
tures is columnarlike. The columns are nearly parallel to the

evaporation direction. Let us assume that the,Si@terial $=0, y=ml2 and cody*=(C—B)/A. (10
imposes a planar alignment of the liquid crystal in contact

with it, and that the nematic molecules can rotate on thg SiOThe solutions are stable i#f,/d?>0, i.e.,

'’ The stable states are obtained by puttitfg/d¢=0, whose
gplutions are
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(dzfs =A+B-C>0 (dzfs) =nS%9(8,/S,)"*~(S,/9)™]>0
dy?/ ’ dy?/ ' ' ’
2
(dzfs —c-B>0, i (d ) _nsOY(s/9™-1150, (16
dl//z 2 dlﬂ /2
@, [C—(A+B)](CB) (d2f5> _ LS9 (818 RIS /9™ 1]
avl .~ A -0 dy?/ . [(S1/5)"-1]

. . Which imply S>S,, S<S,;, and $;<S<S,, respectively.
. A_ccordlng to our model concerning the thermal renormal Note that in Eq(15) only T, is a free parameter, becaube
ization of the surface enerd@], .

has been detected experimentally.

When = (T) is known, it is possible to determine the
angles characterizing in the laboratory frame@,xy2), 6
and ¢. From Fig. 1 it follows that co8=cosa cosy, and
tan¢g=tany/sina. Using expressior{l5) for cosy(T), we
obtain, finally,

A=mS% B=ns'% C=gs (12

wherem, n, andq are temperature independent coefficients
Expressions(12) hold in the Akulov-Zener limit, where
(P,)~S'98 as discussed in Ref9]. In this approximation

the stable tilted solution of Eq10) can be written as cosf=cosan/7 (17)
S—n 510/3 and
COSZl/fz qw, (13)
m 1 f1-7
tang= —— (18

where we have removed the asterisk. Equatib® allows sina T

one to analyze the temperature dependence of the surfa
director if the nematic scalar order parame&t S(T) is
known.

i Egs. (17) and (18) there is only one free paramet8s,
sinceS;, connected with the high temperature surface tran-
sition, anda, the evaporation angle, are experimentally de-
tected.

lll. COMPARISON WITH EXPERIMENTAL DATA To fit the experimental data, we assume tBa given by

the Maier-Saupe mean field theory. In this framework the
nematic scalar order paramet& is given by the self-
consistent equatiof8]

To compare our theoretical predictions with the experi-
mental data, let us assume that there are two temperatyres
and T, such that(a) for T=T, the stable orientation ig
= /2, and(b) for T<T, the stable orientation ig=0. The

1
temperature T; has been experimentally detected ( f P,(cosé)exd Bv SP,(cosé)]d(cosé)
~51°C), whereaJ, has not been observed experimentally; _ 70 (19)
however to have a good agreement between the model and 1 ’
the experimental data, we assurig~20°C, which is J'O exd BvSP,(cosé)]d(cosé)

within a realistic range. The temperature is, in our theo-

retical analysis, a kind of virtual critical temperature con-whereP,(cosé)=(3/2)(cogé—1/3) is the second order Leg-
nected with a surface transition toward the uniform tiltedendre polynomial=1/kgT, andv a material parameter de-
alignment @ perpendicular to the grooves-rom the defini-  termined by the nematic-isotropic phase transition tempera-

tion of T, andT, it follows that ture Ty, by means of the equatidks Ty, /v =0.22019.
The temperature induced transitions start at a position
gq= nSI’Q' and m=n[(S,/S,)"*-1], (14 somewhere on the plang’(y’) (see Fig. 1, where the start-

ing position depends on the evaporation ai@#. Then, as
where S;=5(T;) and S,=S(T,). Consequently, Eq(13)  the temperature is increased, the molecules reorient toward

can be rewritten as an orientation parallel to the’ axis. A representative set of
measurements of the temperature induced transition de-
1-(S,/9)7R scribed above is shown in Fig. 2, together with the best fit of
cosy= ;7/3: T (15) Eqgs.(17) and(18) (solid lineg, obtained fofT,=20 °C. This
1-(5,/Sy) value of T, is consistent with the experimental data. Also

shown is the fit of a previously published mod&l using
which gives real solutions only i§;<S<S,. Conditions four free parameter@ashed lines The agreement between
(12) relevant to the stability of the different orientations, us-the model and the experimental data, as well as the previ-
ing Egs.(12) and(14), read ously published model, is reasonably good for both the polar
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20 (17) and(18), which only leavess,=S(T,) (or ratherT,) as
a free parameter, sinc®, is fixed by T, (see the beginning
80 of this paragraph The best fit of the experimental measure-
0 ments is obtained fofT,=20°, which is, as underlined
x above, within a realistic range.
40 To ensure that the Akulov-Zener limit, wheréP,)
"c% ~S108 s valid, we also calculate@ and ¢ using the full
250 expression fokP,). In this case, Eq(19) has to be com-
g pleted with a corresponding equation 8y, using the fourth

40 order Legendre polynomial, giving, as a function of tem-

perature. Also, Eq9.17) and (18) will have a more compli-
cated form without using the approximation above, but the
i i i i i calculations are straightforward. Once again, the fits can be
2 30 35T o0 4 30 3 obtained usingl, as a free parametéhere affecting both
emperature (°C) . .
S(T,) andS,(T,)], and it turns out that the fits are very close
FIG. 2. Experimental values of the poléfo) and azimuthal tO the ones shown in Fig. 2. In particular the best fits are
¢(+) angles characterizing the nematic surface director vs the tenebatined for the same value @f,=20°C. Therefore, we
peratureT. The solid lines are the theoretical best fits obtained bydraw the conclusion that the Akulov-Zener limit is indeed
means of Eq9(17) and(18), derived from the model for the thermal valid for our case.
renormalization of the anisotropic part of the surface energy, with
T,=20°C. The dashed lines represent the model presented in Ref.

[7].

IV. CONCLUSIONS

We have analyzed a temperature surface transitions ob-
and azimuthal angle over the whole temperature range. Thiserved in nematic samples oriented by obliquely evaporated
is especially apparent when considering thath the solid  SiQ,. We have shown that this phenomenon can be inter-
curves shown in Fig. 2 were obtained by only using one angbreted in the framework of a model for the thermal renor-
the same free parameter for the two curves. It is true that themalization of the anchoring energy of nematic liquid crystals
dashed lines are slightly closer to the data points, but thatecently proposed. The agreement between the experimental
should be expected for a model with four free parametersdata and the theoretical best fit is reasonably good, even if
The model is also sounder in that it avoids using the assumphe nematic scalar order parameter is evaluated in the Maier-
tion that the order parameter should be snfathich is not  Saupe approximation. Of course, the agreement could be im-
really the case The experimental data shown was taken on goproved if the nematic is described by means of a generalized
sample with 200 A thick(measured perpendicular to the Maier-Saupe model, where the number of free parameters is
glass substrajeSiO, evaporated atr=73°, cf. Fig. 1. The larger. Nevertheless, the good agreement between our theory
two substrates of the cell were aligned antiparallel and with @and the experiment data represents a confirmation of our
separation of gm, and this gap was filled with the nematic model of the thermal renormalization of the anchoring en-
liguid crystal E7(Merck Ltd). The details of the cell prepa- ergy. We have also shown how our new model represents a
ration, experimental setup, and more experimental resultgiajor theoretical improvement from a previously published
can be found in Ref14]. The experimental data presented in model.

Fig. 2 were measured upon heating, neglecting a small hys-

teresi_s found in the original dat[dz_l]. This simplifiga’;ion ACKNOWLEDGMENTS
was introduced since the theoretical model is limited to
hysteresis-free phenomena. This work was partially supported by the Italian National
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