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Temperature dependence of mode-coupling effects in liquid sodium
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For small wave numbers, the ha}f-width and the maximum value of the incoherent scattering
function obtained from neutron scattering experiments on liquid sodium at 403, 602, and 803 K ap-
proach their hydrodynamic limits in a manner as predicted by the mode-coupling theory.

It has been shown recently' for hydrogen at a pressure

p =730 bars and a temperature T =120 K that the depen-
dence on frequency ta of the incoherent scattering func-
tion $,(k,ea) obtained from neutron scattering experiments
is well described by the predictions of the mode-couplinII
theoryz for wave numbers k as high as about 1 A
This is remarkable because the theory was thought to be
restricted to "small" wave numbers k & ko with ko of the
order of the inverse range of the intermolecular potential
in the liquid. However, the actual range of validity of the
limiting expressions is not known a priori. Thus in Ref. 1

experimental evidence was obtained for the vahdity of the
mode-coupling theorys's for values of k large enough to
be accessible in present neutron scattering experiments.

Here we consider the half-width tott(k) and the max-
imum value $,(k, O) of $,(k, ta) obtained in the recent neu-
tron scattering experiments by Gliser and Morkel ' on
liquid sodium at saturated vapor pressures and T =403,
602, and 803 K. In this paper we show that the consider-
able differences observed in ta&(k) and $,(k,O) for small
k at the three temperatures can be understood on the basis
of mode-coupling theory.

According to the mode-coupling theory, $,(k, ta) of a
monoatomic classical fluid in equilibrium is for small k
given by

1 Dk
sr t02+(Dkz)2 ~ Dkk

&&R~
t~+D" +O(k-'"f(~/k')),

Dk

where D is the coefficient of self-diffusion,
k =16nPtnnD with P=(kttT) ', ktt Boltzmann's con-
stant, m the particle mass, n the number density,
5=D/(D+ v) with v=sll(tnn) the kinematic viscosity, si

the shear viscosity, and the complex function G (z) is

G(z)=tan '[(z —1) ' ]—(z —2}(z—1)' z

=2.667z 'i'[1 —0.3z-' —0.05357z-'+O(z ')].

The first term on the right-hand side of Eq. (1) reflects
Fick's diffusion law and the second term is due to the
coupling of the diffusion mode with the shear mode of the
fluid. For the reduced to value k S,(k, O) and the re-
duced half-width taH(k)/k one finds' from Eqs. (1) and
(2),

k2S, {k,O}= [1+ak+O(k' )],
mD

ta'H(k)/k =D [1 bk +0—(k'i2)],

where

a =G(5 ')/k', b =H(5)/k',
with

(3a}

(3b)

(4)

H(5) =1.45315 i [1—0.72765 —0. 15235 —O(5 )] .

TABLE I. Thermodynamic and transport properties of liquid
sodium at saturated vapor pressure.

(K)

(A )

(A /ps)
(A /ps)
(A )

(A)
(A)

0.02409
0.484

66.3
0.0196
0.007 25
0.084
0.045

0.022 85
1.28

36.6
0.0872
0.0338
0.19
0.10

803

0.021 63
2.10

27.7
0.167
0.0705
0.29
0.15

Since in Eqs. (3), a and b are positive, k S,(k, 0) ap-
proaches its hydrodynamic limit (mD) ' from aboue and
tati(k)/k approaches its hydrodynamic limit D from
helot@, when k~O. For liquid sodium at T =403, 602,
and 803 K we use the values of D given in Refs. 8 and 10
and the values of ri given in Ref. 11. The results for
5, k', a, and b are summarized in Table I. We observe
that for sodium the mode-coupling parameters a and b in
Eqs. (3) change by more than a factor 3 when T increases
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from 403 to 803 K and that for all T,a is about twice as
large as b. We show the mode-coupling predictions for
sodium at T =403, 602, and 803 K in Fig. 1 for
S,(k,O)k2 and in Fig. 2 for soir(k)/k2 [cf. Eqs. (3) and (4)
and Table I]. We also show the experimental results for
both quantities as given in Refs. 7 and 8.

For all three thermodynamic states of liquid sodium the
measured values of S,(k, 0)k approach the hydrodynamic

I I I i
)

I I i I [,

limit from aboue (cf. Fig. 1} and the measured values of
ro'H(k)/k tend to this limit from below (cf. Fig. 2). Also,
the relative deviations of the experimental S,(k, O)k froin
the hydrodynamic limit are for small k larger than those
of coH(k)/k at the same temperature. Furthermore, for
small but fixed values of k, the deviations of both

S,(k,O)k and AH/k from their corresponding hydro-
dynamic limits strongly increase with increasing tempera-
ture (cf. Figs. 1 and 2). Since these observations are con-
sistent with the mode-coupling expression Eq. (1) up to
about k=1.5 A ' (cf. Figs. 1 and 2} we conclude that the
mode-coupling theory' might well be relevant for the
description of Sg(k, co) for 0&k &1.5 A

We note that in liquid sodium we find more direct ex-
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FIG. 1. The reduced top value S,(k,0)k as a function of k
for liquid sodium at {a) 403 K, (b) 602 K, and (c) 803 K, ob-
tained from neutron scattering experiments (cf. Refs. 7 and 8)
(dots with representative error bars), Fick's diffusion law
{dashed curves), and the mode-couphng theory (full curves).

FIG 2. The reduced half-width mH(k)/k as a function of k
for liquid sodium at (a) 403 K, (b) 602 K, and (c) 803 K, ob-
tained from neutron scattering experiments (cf. Refs. 7 and 8)
(dots with representative error bars), Fick's diffusion law
(dashed curves), and the mode-coupling theory (full curves).
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perimental evidence of the existence of mode-coupling ef-
fects than in liquid argon, where these effects were
demonstrated in an indirect way. ' ' [In the latter inves-

tigation the coherent structure factor S(k,co) was decom-
posed into three extented hydrodynamic modes through a
least-squares-fitting procedure, yielding an anomalous
dispersion in the frequency of sound. ]

The observation reported here is also consistent with
the prediction' of a more pronounced influence of mode-

coupling effects in a liquid metal as compared to liquid
argon. Finally, we note that our result, Eq. (3b), which
shows a deviation linear in k from Fick s law in the half-
width, contradicts an earlier calculation' of this quantity
which leads to a deviation quadratic in k [see Eq. (4.1) of
Ref. 17]. Inserting our asymptotes, Eqs. (3), into Figs. 1

and 4 of Ref. 17 shows agreement with computer-
simulation results of the half-width of argon's up to K
&0.7 A and of rubidium' up to k & 1.3 A
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