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In (2) A. , B, C, and D are constants. ' We assume that& =&'(7 T, *), w—here T, * is a temperature
slightly below the actual transition temperature T&, and the remaining constants &, C, & are positive
and temperature independent. The orienting effects of magnetic and electric fields are described by
the last two terms in (2). g, and o'. , are the anisotropy in the magnetic and electric susceptibilities
per unit volume and are positive if the molecules prefer to be parallel to the applied fields and are
negative if the molecules prefer to lie transverse to the fields.

It is convenient to write &;,. in the form

(2)

The molecular-field description of the isotropic-nematic phase transition in liquid
crystals is investigated. It is found that the effects of fluctuations may be observable,
and the first corrections due to fluctuations to the light scattering and magnetic bire-
fringence in the i.sotropic phase are determined. The effects of applied fields on the
phase transition are investigated. It is found that if the molecules prefer to line up
transverse to an applied field there is a critical field above which the phase transition
is second order.

An appropriate order parameter' to describe the degree of order in a nematic liquid crystal where
the molecules have axial symmetry is

~„=(V,, -3n,.n, ), (1)
where n, are the components of a unit vector giving the direction of the axis of a molecule and the av-
erage is over all the molecules in a small but macroscopic volume. Any traceless symmetric second-
rank tensor' can be used in place of (1); the most appropriate one depends on the problem being con-
sidered. Close to the isotropic-nematic phase transition we suppose, in accordance with the usual
assumptions of molecular-field theory, that the free energy per unit volume + can be expanded in a
power series in &;,-:

6;,= &(r ) [5;,.—3n; (r )n, (r ) ], (3)

where n; are the components of a unit vector specifying the orientation of the molecules at r, and h(r)
is the fraction of molecules at r lined up along n. Equation (3) is not the most general form of b;; but

assumes that the liquid crystal is uniaxial. Substituting (3) in (2) and neglecting the fields we find

Ii =E +3ALF-2Bb, '+9C64+3D(VA)2+9DLP(V, n„) . (4)

The last term in (4) is the elastic energy associated with changes in molecular orientation and is
equivalent to the free-energy expression of Oseen' and Frank' in the case of nonpolar nematic crystals
when all the elastic constants are equal. Following Saupe' we may identify 18D&' with the Frank elas-
tic constants K. However, care must be exercised in using this result. For example, the intensity of
light scattered by the orientation fluctuations of molecules in the nematic phase is proportional to kT/
Dq' (where q is the momentum transfer and k is Boltzmann's constant) and then varies slowly with
temperature. If the amount of order is not taken into account the light scattering intensity is propor-
tional to kT/Kq'. Then K cannot simply be replaced by 18D&', but the fact that the dielectric aniso-
tropy is also proportional to & must be included.

The amount of order 4, in a uniform system is determined by minimizing the free energy

I' =F,+ SA~'-2Ba'+9C.

The cubic term in &, as discussed by Landau, leads to a first-order phase transition. The values of
& minimizing I' are

~=0, T&TE,. (ea)

[I+(I-24P)"'], T & T, (eb)
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where 0 =AC/B'. The transition temperature T» is given by

T -T, * B'
T, * 27A'C T, *'

and the latent heat per unit volume, I-, of the transition is

L = (A'B2/27C2) T

(7)

(8)

The validity of the molecular-field description of the phase transition can be estimated, as suggested
by Ginzburg, by examining the fluctuations around the solutions (6). In the present case the Ginzburg
criterion (apart from a numerical factor) may be put in the form

k $'»kT, (9)

where k is the height of the barrier separating the ordered and disordered states and ( is the tempera-
ture-dependent coherence length. Close to T» the important fluctuations involve regions of volume g'

and (9) states that fluctuations leading from order to disorder or vice versa do not occur with high
probability. Under these conditions the molecular-field description will be valid. If we approach the
transition from above but with T close to T&,

k =L(T» T, *)/1-6T», $ =D/A = $0 T, /(T T, ~), —

where $, is the zero-temperature coherence length and (9) becomes, for T= T»,

(io)

Below T» a similar result is obtained. As an example, for p-azoxy anisole L = 0.68 cal/gm, "T» =130'C,
and assuming that $0=20A, we find the left-hand side of (11) is 4x10 "for T» T, =1 -C. This is to
be compared with kT~ =4x10 ' . We conclude that the molecular-field description of the phase transi-
tion may well be inadequate and critical behavior may be observable close to TE.

A more quantitative result than (11) is obtained by calculating the contributions of the cubic and
quartic terms in (2) to the fluctuations. Thus the intensity of light scattering above T» in the isotropic
phase is proportional to

kT "
VkTC 7 kTB2

(I&.,(q)I')=~( )
1-

A( )f, +
6 A( ) f,"~

where A(q) =A +Dq' and

I 1A= I, - 2,.D. (q.&-tan 'q. V.
0 (em

(12)

(13)

(i4)

We can express the second and third terms in (12) for q = 0 more conveniently by means of (7), (8),
and (10). In (13) and (14) we take q )=1 and replace the brackets by unity. Then

7kTC 7 kT * (T»-T, *) 7 kTB 63 kT~* T» T~* T~*-
A 2m L)0 T, *(T T, *) ' 6 —A 8m L$0 T, * T T, *

Then the light-scattering intensity may increase more rapidly than (T T, *) close to —T». Evidence
for this effect has recently been obtained by Litster and Stinson" who have observed light scattering
in the isotropic phase of P-methoxy benzylidene P-n-butylaniline. We also note that the magnetic bire-
fringence is proportional to (12) with q = 0.

When a magnetic or electric field is applied to the liquid crystal, if the molecules prefer to order
parallel to the field the uniaxial solution (3) is still appropriate. The initial effect of the field is to
raise the transition temperature. For a strong enough field no transition at all will be observed. A
more interesting situation arises if the molecules prefer to lie transverse to the field and thus n, or
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)(, in (2) is negative. This is more equally accomplished with an electric rather than a, magnetic field.
In this case the phase transition can become second order and the state is a biaxial one. Assuming
the electric field to be along the z axis an appropriate form for the order parameter is

(B-IC)(ln+p), &„=-(B/C)(lq-p), &..=+(BIC)n, (16)

with other components zero. The parameter g describes the tendency of the molecules to lie in the
xy plane and p describes the ordering which takes place in this plane. For p )0 the material is or-
dered along x and for p (0 it is ordered along y. Substituting in (2) the free energy (in units of B'/C')
is

p(p-r/+-', q') +2p'= O,

'Pn.-'n"-(9/4)n' 'y-+-P'(3n I) =-o

Equation (18) has solutions

p' = a(p n+ -a r/').-

(»)
(19)

(2Oa)

(20b)

We first determine the region of the P, y plane
in which a local minimum of the free energy with

p W 0 exists. Thus substituting (20b) in (19) we

obtain

n'- —,'v+6 p-~y =o (21)

and the solution corresponding to a free-energy
minimum is

q = ~ [1+(1-24P+36y)"'].

Substituting in (20b) we find

P = ~ [1—12P—6y+(1—24P+36y)'/ ].

(22)

(23)

0.05—

002—

O.OI—

F = 4Pr('-+-,'q'+ T9;q' —4 yri+P'(P —q+ aq') +P',

where y=-(2/9)(C /B )n,E and is positive. The
parameters p and q are determined by minimiz-
ing E which leads to the equations

(17)

The region in which P' is real and positive is to
the left of the curve &CD& in Fig. I. The branch
BC is determined by 1-24P+36y = 0, CL) by

2 2P 2 (1 6P)1/2

and DE by

y = -', -2P+ —', (1—6P)"'.

We can also determine simply the region in
which the disordered state p = 0 is a local mini-
mum of the free energy. In this case g must
simultaneously satisfy (19) and (20b) with p = 0.
This leads to the curves y =-', -2P+-', (1-6P)' '
which are OCD and &&, respectively, in Fig. 1.
To the right of this region the disordered state
is a local minimum of the free energy. Finally
the first-order phase-transition curve &C in Fig.
I has been determined by numerical methods.
The curve CD& therefore is a second-order tran-
sition line. The point C where the first-order
transition line ends is determined by P =7/96,
y =1/48. This corresponds to an electric field
such that Q.,E'=kTn, where n is the number den-
sity which leads to quite a large field of order of
magnitude 10'-10' V/cm. If it can be arranged
that the molecules have a dipole moment p per-
pendicular to their long axes, then the above con-
dition becomes pE =kT which can be satisfied
for lower fields. Also we note from Fig. 1 that
as the field is increased along &C the transition
approaches more closely a second-order one.

We are grateful to Dr. J. D. Litster and Dr.
L. Krammer for valuable discussions and to Dr.
Litster for bringing Ref. 5 to our attention.
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FIG. 1. Phase diagraxn for a nematic liquid crystal
in a transverse field. P = (A'0/8 ) (T-T~ *)y = -(2/&) ((: /
gg3)O, ,E2.
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gnetic birefringence, and a critical increase
e isotropic phase of a nematic liquid crystal.
a mean-field model except for a critical re-
e the fluctuations are so large that the mean-

Mouton coefficient, and a divergence and critical
slowing of the fluctuations in order as the phase
transition was approached. This behavior is
similar to that of materials in the vicinity of a
critical point. ' Although the nematic-isotropic
transition is first order' (as shown by a latent
heat and volume discontinuity), our measure-
ments demonstrate that over a wide temperature
range the liquid crystal behaves as if it were go-
ing to undergo a second-order phase transition
at a critical point.

We provide a theoretical interpretation of our
data using a phenomenological model due to Lan-
dau and its extension by de Gennes' to describe
dynamical behavior. We find that this mean-field
model adequately describes the behavior over
most of the temperature range, but that close to
the phase transition there is a critical region
where the mean-field approximation fails.

We now discuss our experimental results using
the Landau model. We take the ordered nematic
liquid crystal as optically uniaxial and so it is
necessary to specify only the birefringence and
the direction of the optic axis. Except for gradi-
ent terms (which we shall see later are negligi-
ble) the free energy is independent of the orienta-
tion of the optic axis. Therefore for purposes of
the Landau model we may specify an order pa-
rameter' Q= 2 (cos'8-&), where {}is the angle be-
tween the long axis of a molecule and the local
optic axis. For a completely aligned material
(Q= 1) let e~ and e, be the dielectric constants
parallel and transverse to the optic axis. Then
the Cartesian dielectric tensor is e 8 —-e6

&

We have observed a divergence of the ma
and slowing of the fluctuations in order in th
Our results are quantitatively described by
gion close to the ordering temperature wher
field approximation fails.

In this Letter we report the results of an ex-
perimental study of pretransitional phenomena
in the isotropic phase of the nematic liquid crys-
tal p- methoxy benzylidene p-n-butylaniline
(MBBA).' As the temperature of a liquid crystal
is lowered there is a phase change from an iso-
tropic liquid state to a state (also liquid) with
long-range orientational order of the molecules.
In the ordered phase of a nematic liquid the cen-
ters of mass of the molecules remain as random-
ly distributed as in the isotropic phase, and the
molecules align with their long axes parallel.
The anisotropy of the molecules in a nematic
material is uniaxial; the electric polarizability
is usually greater parallel to the long axis of the
molecule. ' The degree of order may therefore
be determined by measuring the anisotropy of the
dielectric constant, and optical methods are
ideal for this purpose. The diamagnetic suscepti-
bility is also usually greater along the axis of
the molecule and it is possible to align mole-
cules in the isotropic phase with a magnetic
field. The magnetically induced birefringence
(Cotton-Mouton effect) then is proportional to the
alignment produced. In addition, from the inten-
sity and spectrum of scattered light one may ob-
tain the mean squared amplitude and time depen-
dence of fluctuations in the order.

In the isotropic phase of MBBA we have accur-
ately measured the magnetic birefringence as a
function of temperature. We have also measured
the intensity and spectrum of light scattered by
anisotropic fluctuations in the dielectric con-
stant. We observed a divergence of the Cotton-
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