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Temperature-induced orientational transitions in freely suspended nematic films
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We report observations of a temperature-induced orientational transition in a freely suspended
nematic film of the liquid crystal 4-ethyl-2-fiuoro-4'-[2-(trans-4-n-pentylcyclohexyl)-ethyl]-biphenyl
(I52). The transition is from a high-symmetry state, where the molecules are perpendicular to
the film boundaries (homeotropic alignment), to a lower-symmetry state, where the molecules are
inclined (tilted alignment), and occurs as the temperature of the sample is raised. A previous study
by Faetti and Fronzoni (1978) discovered a similar transition in freely suspended nematic films of N
(p-methoxybenzylidene)-p-n-butylaniline, except that it occurred as the temperature was louvered, a
result that we con6rm here. In order to explain both orientational transitions and the temperature-
independent alignment of other nematics, we have generalized a model by Parsons (1978) that is
based on competition between polar and quadrupolar contributions to the surface free energy. By
considering the e8'ects of smectic ordering and ionic impurities, we can account for all of the various
observations.

PACS number(s): 61.30.Gd, 64.70.Md, 68.35.Md

I. INTRODUCTION

Freely suspended liquid-crystalline 6lms have been
extensively investigated since the pioneering work of
Friedel [1]. These films are interesting objects to study
&om the point of view of surface physics. Indeed, because
of the large correlation length of mesophases, the influ-
ence of the bounding surface on bulk properties can be
considerable even for 61m thicknesses as large as several
tens of mi.crons. By contrast, the properties of micron-
thick films of liquid helium or metals are indistinguish-
able &om those of massive bulk samples.

Of particular interest are orientational transitions of
the liquid-crystalline director, which can occur in ne-
matic films when certain parameters, such as film thick-
ness [2], impurity adsorption [3], and temperature [4,5],
are changed. In this paper, we report new observations of
an orientational transition in a &eely suspended nematic
film of the liquid crystal 4-ethyl-2-fluoro-4'-[2-(trans-4-n-
pentylcyclohexyl)-ethyl]-biphenyl (I52). In this nematic,
a transition &om homeotropic to tilted alignment occurs
as the sample is heated. The transition is unusual in that
the more ordered state is reached upon heating, while in
other orientational transitions —and indeed, in most
other phase transitions —ordering increases upon cool-
ing.

Temperature-dependent orientational transitions have
been studied in several systems. For example, they
have been observed in millimeter-thick nematic samples

of N-(p-methoxybenzylidene)-p-n-butylaniline (MBBA)
and N-(p-ethoxybenzylidene)-p-n-butylaniline (EBBA)
with a single free surface [5]. As the temperature T of
these samples is increased, orientational transitions &om
an initially tilted to a homeotropic alignment are found
near the nematic-isotropic transition TN1 [5]. However,
only planar alignment has been observed in nematic sam-
ples with a single free surface of p-azoxyanisole (PAA) [6].
Orientational transitions have also been observed in 10-
pm thick freely suspended MBBA films [4]; however, in
this case, the transition temperature To depends strongly
on the thickness h of the film. The temperature depen-
dence of the director tilt angle 0 (the angle between the
director n and a normal k to the 61m boundaries as de-
fined in Fig. 1) has also been studied experimentally in
these systems. These measurements show that the transi-
tions are second order with 0 varying as (To —T) ~2 [4,5].

Several partially satisfactory attempts to explain the-
oretically the director orientation and the temperature
dependence of 0 at the free surfaces of nematics have
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FIG. 1. A schematic diagram showing the orientation of
the nematic director (n) with respect to the surface normal
(k) of a freely suspended film. The film is bounded on both
sides by air and has a thickness h.
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also been made (see, e.g. , Refs. [7—10]). Because each
of these models was introduced to explain a particular
observation, they include only some of the relevant phys-
ical mechanisms. In this paper, in addition to studying
a different material and being led to introduce another
physical effect, we collect all of the other contributions
that have been discussed in the literature to give a more
unified presentation of orientational transitions.

II. EXPERIMENT

Experiments were made on three liquid crystals:
MBBA, 152, and 5CB (4'-n-pentyl-4-cyanobiphenyl).
The physical properties of these materials, as well as oth-
ers discussed later in the paper, are listed in Table I.

The nematic films were stretched over a supporting
frame consisting of two molybdenum wires (50 pm in di-
ameter) fixed to a plastic holder (Fig. 2). The distance E

between wires could be varied between 0.2 and 1.0 mm;
most measurements were made with 8 = 0.25 mm. A
high-frequency (29 kHz) sinusoidal ac electric voltage,
slightly above the Predericks-transition threshold, was
applied to the wires in order to lift the azimuthal orienta-
tional degeneracy of the director and to eliminate topo-
logical defects in MBBA and I52 films. The films were
kept in a temperature-controlled oven, which has a stabil-
ity of + 0.005 C. In our experiments, the temperature
was changed at a constant rate dT/dt of 0.15 C/min.
The films were observed in a polarizing microscope us-
ing monochromatic light of wavelength A = 0.550 mm,
obtained by passing white light through a green interfer-
ence filter. The transmitted light intensity was measured
by a CCD camera and a video recorder. Video images
were transferred to a computer, and the mean intensity
I of a fixed, central square portion of the film of size
145 x 145 pm was recorded.

The film thickness h, which depends on the distance
8 between the wires, was measured by an interferomet-
ric method [14] on samples similar to those we used
for our measurements. In general, 6 decreases with in-

creasing E. For S = 250 pm, the mean value of h was
found to be 25+5 pm, independent of the liquid crystal
used to form the film. These values of 6 were verified
in the films that we used for studying the orientational
transition by measuring the wavelength of low-&equency
electrohydrodynamic-instability domains [15] in MBBA
films and by measuring the Fredericks effect threshold
voltage [11] in 5CB films. The values of h, that we ob-
tained were in satisfactory agreement with the interfero-
metric data.

The temperature dependence of I(T)/Io [where Io ls
the maximum value of I(T) observed] for MBBA and
I52 &eely suspended films, obtained as outlined above, is
shown in Fig. 3. Successive maxima of the I/Io curves
correspond to additional phase delays AP in the trans-
mitted light of AP = m. The small difference between
heating and cooling curves (hysteresis) can be explained
by the finite temperature scan rate. Indeed, doubling the
scan rate to dT/dt = 0.3 C/min approximately doubles
the hysteresis.

From Fig. 3, we see that for MBBA we have an orien-
tational transition from tilted to homeotropic alignment
(when heating) at To ——(22.2+0.15) 'C. Our data for
MBBA agree satisfactorily with the results of Faetti and
Fronzoni [4]. For I52, we find, inversely, that the orien-
tational transition from tilted to homeotropic alignment
occurs when cooling at To ——(23.6+0.15) 'C.

Note that freely suspended films of 5CB exhibited
homeotropic orientation of the director over the entire
interval of temperature studied (15 C ( T ( TNi).

It is important to realize that orientational transitions
in freely suspended films are driven purely by surface
effects. The boundary conditions at the film's surface
(director tilted, with +0 being degenerate) are cornpati-
ble with the uniform, undistorted nematic state shown in
Fig. 1; hence, any volume distortion of the director field
must have a higher free energy. Note that a number of
experiments have been done where different conditions at
the top and bottom of the sample imply different bound-
ary conditions there. In these cases, the elastic bulk en-
ergy is important [11,16,17].

TABLE I. Physical parameters of nematic materials (at T = 25 'C, A = 515 nm).

Substance

PAA [11]

5CB [ll]

MBBA [11]

EBBA [12]

I52 [13]

Chemical formula

CHIO —
(QD

—N=N —
(OO OCHf

0

C~Hi i
CN

CfHj~~C H C Hs

CHIO ~OH=N —
(OO C~H )

C Hgf —(QQ
—CH=N —

(QQ
—CgHg

Phases

C++N m I

C++ N++ I

C++ N++ I
24 13
+—sg+—

N
103.4 I

-0.16

-0.7

-0.5

-0.06

(10 dyn'~ )

2.5

-4.5

1.565

1.5616

1.5616

1.537 '

1.5054 '

1.829

1.8062

1.8062

1.745

1.6533

T = 125 C.
T = 60 'C; this was estimated from data on mixtures of MBBA and EBBA [12].

'A = 546 nm.
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FIG. 2. A schematic diagram showing the experimental
setup as viewed from above. The film is spread between two
molybdenum wires spaced a di tance E apart. A voltage U is
applied between the wires to lift the azimuthal degeneracy of
the director orientation in the plane of the film.

FIG. 4. Temperature dependence of the tilt angle 8 for
MBBA and I52 freely suspended Alms, calculated from the
data of Fig. 3. Both sets of data are consistent with
8 oc (T —Tp)'i .

Thus, the temperature dependence of the film bire-
fringence An for MBBA and I52 films can be calculated
simply from the I(T)/Io data. To do this, we have used
the initial parts (up to the first maximum) of the I(T)/Io
curves, and have extracted Ln from these results using
the following relation between the transmitted intensity
and the phase delay [11]:

I = Io sin [2o.] sin [AP/2] (1)
Here the phase delay is given by AP = 2An(T)vrh/A,
and the angle o. between the wires of the frame and the
polarizers was set to 45 .

The results for An(T) calculated using Eq. (1) corre-
spond to small values of 0 (0 « 1). From An(T), v e can
obtain 0(T). Indeed, for 9 « 1, one can write for our
experimental geometry [11]

An(T) = (
—

) ~

1 ——,
~

II'(T), (2)
n ( n')
2 ( n.')

where n and n, are the ordinary and extraordinary in-
dices of refraction of the nematic. Values for n and n
for the compounds studied are listed in Table I. Results
for 02(T) are shown in Fig. 4. It is clear from this figure

that 9 (T) oc T, confirming that 0 oc~ T —To i) 2, in
agreement with previous results on MBBA films [4].

As in Ref. [4], we have also found that the orientational
transition temperature To for MBBA depends upon h. It
is lower for thinner films and higher for thicker ones and
can be altered by several degrees as 6 changes by several
tens of microns. These results approach the limit ob-
served in thick MBBA layers with only one &ee surface,
which are characterized by To TNi —1 'C [5]. By con-
trast, To is independent of h, for I52 films over the range of
film thicknesses that we studied (10 & h & 30 pm). Very
thin (h 1 pm) samples of I52 and MBBA can occur in
sample holders with larger wire spacing. In these films,
the director remains homeotropic at all temperatures in
the nematic phase, and no orientational transition is ob-
served at all. Stable films of intermediate thickness are
difIicult to prepare.

We also verified that the above orientational transi-
tions require weak anchoring: for I52 and MBBA samples
between glass plates (treated with the silane coinpound
ZLI-3124 (Merck) to ensure homeotropic ordering), the
orientation is homeotropic over the temperature range
15 C &T(TNy.
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III. DISCUSSION

A. Models of orientational transitions
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FIG. 3. Temperature dependence of the normalized trans-
mitted light intensity I(T)/Io for MBBA (open symbols) and
152 (solid symbols) freely suspended fiilms. The results for
MBBA were obtained in the presence of a stabilizing AC volt-
age of 85 V, at a frequency of 29.0 kHz. The results for I52
were obtained with U = 200 V, also at a frequency of 29.0 kHz.

Orientational transitions and the temperature behav-
ior of the tilt angle of MBBA fleely suspended films have
been discussed in terms of the following models: (1)
Parsons' theory [7] takes into account the competition
between quadrupolar and dipolar forces. Quadrupolar
forces arise &om van der Waals interactions between the
anisotropic molecules of the nematic. They contribute a
surface-energy term (n k) which favors planar align-
ment. As well, polar forces arising from an asymmetry
between the two ends of the liquid-crystal molecule yield
an (n k) surface-energy term, which generally favors
homeotropic alignment. (2) The theory of Mada [8] bal-
ances the elastic torques due to a distortion of the di-
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rector Geld near the free surface with those due to the
"easy orientation" axis at the interface. (3) The model of
Barbero et al. [9] introduces an order-electric surface po-
larization P, which arises &om the spatial variation of
the nematic order parameter near the boundaries. Their
approach is similar to that of Parsons; however, the pres-

4
ence of P, implies an additional term oc (n k) in the
surface &ee energy. This model does not incorporate a
polar term.

B. Generalization of Parsons' model

We propose here a generalized version of Parsons' the-
ory, which can explain satisfactorily the experimental
data on the director orientation and the orientational
transitions at the &ee surfaces of nematics.

The surface tension p, of the free surface of a nematic
can be expanded in powers of n k = cos 8 (see Fig. 1)

2 4
pp cos 0 + pq cos 0 p cos 04-

where p is the isotropic component of the surface tension
and pz, pq, and p are the polar, quadrupolar, and order-
electric components of the surface tension, respectively,
in the nematic phase [18,19]. Note that expressions anal-
ogous to Eq. (3) have been used to describe the anchoring
of nematics with respect to solid surfaces [16].

C. Physical contributions to the surface free energy

The various orientational transitions that have been
observed can be described in terms of a Landau-like the-
ory, where the coeKcients pz, pq, and p are allowed to
vary with different thermodynamic control parameters
(temperature, ion concentration, etc.). Our goal will be
to identify the physical mechanisms that determine these
coeKcients.

The polar and quadrupolar coeKcients of the surface

tension pz and pq contain contributions &om a number
of physical effects. We write

PJ = P.t +avdp (4)

Pq = PvdW + Psp + Pfe Psm + Joe

Here, the indices st, dp, vdW, sp, fe, sm, and oe refer,
respectively, to effective surface terms coming &om steric
forces, orientation of the surface dipole moments, van der
Waals (dispersion) forces, surface polarization, gradient
Qexoelectricity, smectic ordering, and order-electric con-
tributions. The + and —signs for pdp, p,p, and pg cor-
respond to longitudinal and transverse molecular dipole
moments, negative and positive dielectric anisotropies e,
and negative and positive flexoelectric coeKcients e, re-
spectively. These contributions are summarized in Ta-
ble II and discussed individually below.

This contribution may appear when the nematic
molecules have an anisotropy of form, e.g. , different end
groups. If one of these ends prefers to sit in the bulk of a
mesophase, homeotropic alignment will be stabilized [7].

pdp This contribution appears for nematics whose
molecules have constant (longitudinal or transverse)
dipole moments. These molecular dipoles usually align
near the surface, forming a surface layer of polarization
Pdp and thickness l, 10 cm, where l, is the diffusion
length [7,11].

The van der Waals interaction consists of
Buctuation-induced dipole-dipole interactions. This is
present even in the absence of permanent dipole mo-
ments. The interaction of an individual molecule with
the surrounding medium near a surface falls off as z
van der Waals forces orient the liquid-crystalline director
parallel to the free surface [21].

p,p: Impurity ions, which exist even in the purest sam-
ples, are adsorbed at nematic film surfaces and form a
double ion layer. The double layer results in a surface
ionic polarization P; and hence in an electric Geld per-
pendicular to the boundaries [22]. The strength E, of
this field decreases exponentially as the distance &om

TABLE II. Diferent contributions to the nematic surface tension. The surface free energy terms are obtained by integrating
the bulk free energy over the sample thickness h, except in the term due to van der Waals forces where the integration is
carried out over the thickness h —2b. The strength of the van der Waals interaction is determined by the Hamaker constant
A. In the case of surface polarization, the surface field E, is defined E, = (cr/Eco) exp( —z/I, D), where K and eo are the average
dielectric constants of the nematic and vacuum, respectively, and surface charge density cr = ph/ (2+ ph/o ), with bulk ion
concentration p and u = o.(z = oo). In the smectic order term, c~ is a Landau coeflicient, and the smectic order parameter
is defined by (@ ) = (@0)exp( —2z/(~~). In the order-electric polarization term e —+ 0 and P, = 3/2eV'S (nn —I/3), where

I is the Kronecker tensor and S is the nematic order parameter.

Mechanism
Steric
Dip olar
Dispersion forces

Surface polarization
Gradient Hexoelectricity
Smectic ordering

Order-electric polarization

Ref.
[7]
[7,11]
[20,21]

[22]

[27]
[27—33]

[9,10]

Bulk free energy I"

(A/z ) cos 8
—ie ic E, cos 8

~e~ (cos 8 —-')
c~(@ )cos 8

2' Q2
E Oe

Surface free energy f
psg cos 8
pap cos 8

pvaw cos 82

esp cos 82

pg cos 8+ const
2

asm cos 8

p.. (cos'8 —
—,
')'

CoefBcients p
+st
pap

p aw = A/2&'

4Heo
lelPe—

~-=; (&:)&ii
9me S

Joe
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the surface increases with a characteristic decay radius
LD, the Debye screening length [23]. The contribution
p, p to the surface tension represents the aligning eQ'ect

of the surface electric Geld E,. Depending on the sign of
the dielectric anisotropy, this energy term can stabilize
either planar or homeotropic alignments [22]. Note that
the electric Geld created by surface molecular dipoles,
which results in ppp can contribute to the Geld E, in-
duced by the adsorbed ions, and, hence, to p,p. Experi-
ments on the electrokinetic efFect in the isotropic phase of
some nematic liquid crystals Gnd for the surface-adsorbed
ion charge density 0 = 10 ~z C/cm2 [24]. The surface
polarization P, was also detected by means of optical
second-harmonic generation [25] and modulation spec-
troscopy of light reflection at the interface between ne-
matics and semiconductors. These last measurements
gave E, = 10 V/cm and LD = 10 cm [26]. However,
neither of these methods could distinguish between the
contributions to P, coming from P,. and &om Pdp.

Because the surface electric Geld E, created by
surface adsorbed ions or molecular dipoles is spatially
inhomogeneous, the gradient Qexoelectric e8'ect may be
important. This results in a contribution pf . Depending
on the sign of the flexocoefBcient e of the nematic mate-
rial, this contribution can stabilize either homeotropic or
planar alignments [27].

: The existence of smectic layers in nematics near
solid substrates and at f'ree surfaces was predicted [28—32]
and has been observed experimentally for some nematic
materials (e.g. , cyanobiphenyl derivatives) [33,34]. Gen-
erally, these smectic layers orient themselves parallel to
the boundaries, stabilizing a homeotropic orientation of
the director [28—35] and leading to a surface energy term

. The degree of smectic ordering decays exponentially
away &om the surface of a nematic with a characteristic
decay length equal to the longitudinal smectic correlation
length (~~ [34]. Far from the nematic-smectic —A phase
transition temperature T~~, (~~ 10 cm. Near T~~,
$~~ diverges: (~~ oc (T —T~~) "~~~, where the experimental
values of the critical exponent v~~ vary between 0.5 and
0.75 for different materials [35]. One expects considerable
smectic surface ordering in nematic substances having
large longitudinal dipole moments (e.g. , cyanobiphenyl
materials, such as 5CB) and in nematics that have a tran-
sition to some smectic phase at low temperatures (e.g. ,
I52).

As already mentioned, an order-electric polar-
ization P, appears due to spatial gradients of the ne-
matic order parameter V'S, which exist over distances
&om the surface comparable to the nematic correlation
length ( 5 x 10 s cm. This results in the contribution
p, [9,10]. This term can be important in cases where
V'S is large, e.g. , at temperatures near the nematic-
isotropic transition [36]. Since the experiments being
considered here were done at temperatures far &om T~~,
V'S should be small so that this is a small contribution
(p, (( p„,p~). As a result, only terms proportional to
cos0 and cos 0 need be considered in Eq. (3).

D. Orientation transitions in Parsons' model

As discussed above, the various contributions deter-
mine the coefBcients p„and pq. Using these to Gnd the
equilibrium equilibrium orientation and neglecting the
cos 0 term, we minimize Eq. (3) with respect to the tilt
angle 0,

sin 0 (p„—p~ cos 0) = 0, (6)

which has two equilibrium solutions

cos0 = —"= ~p

Qq

(stable for p„)p~),

(stable for p„(p~)

(7)

(8)

E. Application to particular materials

The director orientation at the free surface of particu-
lar nematic materials can now be considered (see Tables I
and III).

For PAA, p„=est Qp and pq: pvdw + esp + pfe&

where the contributions p, t and ppp have opposite signs

For small values of 0 (near To) where coso can be ex-
panded as cos 8 = 1 —0 /2, the temperature dependence
of 0 (for p„&pz) can be expressed as

0 = (~/a)'~',
where A = Ao

~

T —To
~

= p„—p~ (with Ao a constant)
and H = 1/2 pz are the Landau coefficients.

TABLE III. Parameters of the orientational transitions as defined in Eq. (3). Type of alignment can be either planar (P),
homeotropic (H), or tilted (T).
Substance

PAA
5CB
MBBA
MBBA
MBBA
EBBA
I52

Reference

[6]
This work

[5], free surface
[4]
This work

[5], free surface
This work

TNr —To ('C)

0.9+0.3
12+0.3
12+0.15
1.2+0.3
80+0.15

Pp )) Pq

Yp —Yq

7p —Yq

'Yp —'7q

'Yp —'Yq

'Yp —'7q

Type of alignment
initial —+ 6nal
(on heating)

P
H

T+H
TmH
TmH
TmH
H+T



52 TEMPERATURE-INDUCED ORIENTATIONAL TRANSITIONS IN. . . 6265

because the molecular dipole moment is transverse, and
where the dielectric anisotropy and flexoelectric coefFi-
cient are both negative and smectic ordering efFects are
assumed to be negligible. One expects p, q to be small be-
cause of the symmetry of the molecule and, as a result,
pq )) pz. Planar alignment should always be stable, as
is observed [6].

For 5CB, where e & 0 and e & 0 Pp: P,& + Pdp and
Pq —PvdM Psp Pfe Psrn. Because of the longitudinal
molecular dipole moment and the considerable surface
smectic ordering, we expect pz )) pq. This means that a
homeotropic orientation will be stable, which agrees with
our experimental observations.

For MBBA (or EBBA), p„=p, t —pg~ and p~
p gw + p,~ + pt, (transverse molecular dipole moment,

& 0, e & 0, no surface smectic ordering). The coeK-
cients p„and pq have the same form as they do for PAA,
and one would thus expect similar behavior. We can ex-
plain, qualitatively, the observed orientational transition
&om tilted to homeotropic upon rising the temperature
as follows: First, p, t (and hence p„)should be larger in
MBBA than in PAA since the end groups are difFerent
while in PAA they are the same. Second, the dielectric
anisotropy e is larger for MBBA (see Table I). Because
e (and hence 7~ and 7t ) become small near TN1, '7~

should decrease significantly near TNI. Thus, on the one
hand, p„is larger than it is in PAA, while on the other
hand, pq has a larger temperature variation near TNy,
making an orientational transition plausible.

For I52 pp: &st pdp and pq p&dw+Qsp+pfe asm
(transverse molecular dipole moment, e & 0, e & 0,
surface smectic ordering). At higher temperatures, well
above TN~, the smectic-ordering term p, is negligible.
One expects pz & pq and a tilted director alignment. As
the temperature is decreased and the smectic ordering
term becomes more important, an orientational transi-
tion takes place at T = To, where p& ——pq. For T ( To,
pz & pq and the orientation is homeotropic. The temper-
ature dependence of 8 will have the form given in Eq. (9),
0 (T To) ~, which —agrees with our experimental data.

The observed strong dependence of To upon the film
thickness h for MBBA and weak dependence for I52 can
be explained by the h dependence of the p,& term (which
is due to the h dependence of o) (see Table II).

If in Eq. (3) we take into account p, and omit pz (as in

Refs. [9,10]), we obtain similar orientational transitions.
This approach is valid for nematic films with nonpolar
molecules in which there is no polar ordering at the sur-
face (the n -+ —n symmetry is preserved).

Note, finally, that the orientational transitions in
MBBA and I52 &eely suspended films are similar in their
physical mechanism (a balance between different contri-
butions to the surface forces) to the so-called "sponta-
neous" [37,38] and "local" [39—41] Fredericks transitions.
These are in fact orientational transitions in nematic lay-
ers (in contact with a solid substrate) due to the varia-
tion of control parameters such as the layer thickness,
temperature, etc.

IV. CONCLUSION

In conclusion, we have observed a temperature-induced
orientational transition in &eely suspended nematic I52
films. To explain this transition and the director ori-
entation at the free surface of other nematics, we have
generalized Parsons' phenomenological model based on
the competition between polar and quadrupolar surface
forces. Contributions to the surface tension coming from
the surface ion adsorption, gradient flexoelectric efFect,
and surface smectic ordering have all been taken into ac-
count. We believe that the surface ordering that we ob-
serve to occur in I52 nematic films is induced by nearby
smectic phases through the p, contribution to the sur-
face free energy. This transition is remarkable in the
sense that spontaneous symmetry breaking occurs as the
temperature is increased, rather than decreased.

Finally, because of the large number of physical ef-
fects that are relevant to orientational transitions, we,
and other workers, have only been able to make plausi-
ble hypotheses concerning the difFerent terms relevant for
particular cases. What is needed at this stage is a case
where independent measurements of the relevant param-
eters are possible.
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