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ABSTRACT

A supercooled liquid is viewed to have regions of local onentational order which can be
picturized in terms of cages that restrict single particle diffusion. The mismatch in the orientation
of two locally ordered neighbouring regions causes an internal stress which is added to the stress
that appears in the Maxwell model of viscoelasticity. This leads to a "renormalized" Maxwell time
which is related to the susceptibility associated with the onentational order. Hence, when the latter
becomes very large, one obtains a large enhancement of the viscosity.
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When a liquid is cooled much more rapidly than the rate of nucleation

into the solid phase it is not in thermal equilibrium at any stage of the

cooling process and is found in a phase called the "supercooled" liquid. A

supercooled liquid, left to itself, may either eventually undergo nucleation

into solid or may be trapped in a state in which the nucleation rate approaches

zero so that the system appears frozen in a disordered solid state on any time

scale of measurement. The latter phenomenon is interpreted as a kind of phase

transition from liquid to glass.

In contrast to the ordinary liquid to crystal transition the glass

transition is continuous with no discontinuities in such quantities as volume,

entropy and other first order thennodynamic variables, although there is a

rapid change in their derivatives such as the thermal expansion coefficient,

the compressibility and the specific heat. However, the quantity that

dramatically distinguishes a supercooled liquid from an ordinary liquid is a

transport property, namely the viscosity, which shows a very large enhancement;
12 13it can become as large as 10 -10 Poise in the glassy state.

In this paper, we present a plausible scenario for the enhancement of

the viscosity of a supercooled liquid, based on a possible occurrence of

orientational ordering. We have argued elsewhere that a dense liquid, in

general, and a supercooled liquid, in particular, may develop long lived

local geometrical atomic arrangements, called cages [1], The latter exhibit

well-defined discrete rotational symmetry, which need not correspond to *

those one finds in the translationally periodic crystalline phases but may, for

instance, be characterized by icosahedrons such as one finds in metallic

glasses [2]. It is then reasonable to expect that the mismatch in the

orientation of two locally ordered neighbouring cages would cause an internal

stress. It is the latter, as we shall indicate in the following paragraphs,

that is responsible for the enhancement of the viscosity.

The crucial idea of our earlier model of orientational ordering is

encapsulated in a free energy that leads to an internal stress of the form [1]

^x) - J dx' G(x,xM(x)A(xt) (1)

where A(x) is an order parameter field that describes the local orientational

order and G(x.x') is a suitable coupling term. Thus, if the average of

A(x) is zero the system is in the liquid phase, whereas if it is non-zero

it is in an orientationally ordered phase. For the sake of simplicity and

for highlighting the essential physical picture we shall ignore all tensorial

complications in the present analysis.
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The internal stress in (1) is now added to the utress that appears i;i

the well-known Maxwell model of viscoelasticity [3]

^ (o(x,t) + oin(x,t)) = t"
1o(x,t) + cE(x,t) (2)

where c is the elastic modulus, e is the strain and T the so-called

Maxwell relaxation time. It is clear that if the internal stress is absent

Eq.(2) allows for an interpolation between viscoelastic and elastic behaviour.

That is to say if the time of observation is less than i, the stress-strain

relation is like that of a Hookean solid; in the other limit when the time of

observation is longer than T, the stress relaxes to its equilibrium value.

It is expected that for a supercooled liquid T must become so large that the

solid-like behaviour may persist over very long time scales.

We must now build into Eq.(2) a mechanism for having propagating sound

modes in the liquid. To this end, we reexpress the time-derivative of the

strain, and in particular, its spatial Fourier transform, in terms of the current-

field j(k,t):

E(k,t) = -kj(k,t) (3)

The time-derivative of the current, on the other hand, is given in terms of

the stress from the momentum conservation equation:

j(k,t) = - ̂  o(k,t)

p being the density in the uniform phase.

Combining Eqs.(2)-(4) we obtain

t

T^OU t - S. k2 [* P Join(k,t)) = T~ o(k,t) - ̂  k^ J o(k,t')df (5)
0

where, from Eq.(l)

oin(k,t) = J dk
1 G(k')A(k',t)A(k-k\t) (6)

Eq.(5) has to be supplemented now by an equation which describes the kinetics

of the order parameter field A. The latter can be written down, using Ginzburg-

Landau phenomenology and the free-energy introduced by us earlier [1], as
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g| A(k,t) = -(TX(k))"
1A(k,t) + T"1 M dk1 GCkjACk'.tJoCk-k'.t) (7)

In Eq.(7), x(k) is the susceptibility associated with orientational order and

p the inverse temperature. It may be noted that we have employed the same 'bare*

Maxwell time T as the parameter that sets the basic time scale of orientational

kinetics.

The coupled equations (5) and (7) define the dynamics of our model

completely. Interpreting o(k,t) as a noisy stress as in fluctuating hydro-

dynamics and employing the simplest mode decoupling scheme we may derive for the

averaged stress < o(k,t) > the 'memory-function' equation:

t

ĝ l < o(k,t) > + [ dtf F(k,t-t')< o(k.t') > + ± < a(k,t) > +

^ k2 [ dtf < o(k,t) > = 0 , (8)

0
where the kernel F is given by

F(k,t) = &- I dki exp.^lx'Hk
1) + x^Ck-k1))] x(k' )G(-k' )[G(k') + G(k - k1)]

(9)

The key conclusion from Eq.(8) is that one has now a frequency-dependent

'dressed' Maxwell time that is given in terms of the bare time T as

T(Z) = T + T F(k,z) (10)

A.

where F(k,z) is the Laplace transform of F(k,t). Correspondingly the

viscosity, defined as r\ E CT, is obtained as

f dk' X<k')G(-k')[<G(k'^
J z + itx^Ck') + x' - k')]

Thus the zero frequency component of the additional viscosity, as a result of

orientational ordering, turns out to be

fok.O) - PT f dk' ^')G(-k'HG(kV + G(k-k'
J Ex'^k') + X (k - k')]
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Hence as the susceptibility x grows t.he viscosity gets highly enhanced,
the hallmark of the glass transition.

In conclusion, we make the following remarks.

(i) We have sketched above a possible mechanism for the very large

enhancement of the viscosity of a supercooled liquid near the glass transition

as a consequence of orientational ordering. In order to avoid mathematical

complications we have ignored here tensor aspects. The latter, when properly

incorporated into the theory, allows us to keep track of the various components

of the elasticity and viscosity tensors.

(ii) Even though we have confined the discussion to the increase of the

viscosity, it is evident that the theory predicts also a slowing down of the

orientational order parameter fields A(x), concurrent with the enhancement of

the viscosity. It would be interesting to probe these slow modes, say, by

depolarized light scattering [A],

(iii) We have shown earlier how to relate the jump in the heat capacity at the

transition temperature for orientational ordering to static correlation functions

of orientational order parameter [1]. Because it is the latter which determine

also the wavevector dependent susceptibility x(k), o u r model has the scope

of relating the viscosity anomaly with the jump in the heat capacity. This

seems to be an important open question in the subject of glass transition [5].

(iv) Although the theory presented here is based on the phenomenological Maxwell

model of viscoelasticity and the most primitive mean field-like decoupling

scheme, it is possible to put it on a firmer theoretical ground of generalized

hydrodynamics [6]. Once that is done we hope to relate the stress fluctuations

to the current fluctuations and finally to the density fluctuations, and

discover the Leutheusser mechanism [7].
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