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Collective dynamics in liquid lithium, sodium, and aluminum
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Inelastic x-ray scattering data of liquid Li, Na, and Al for dynamical structure factors have been analyzed by
proposing a semiempirical model. The model is based on the extension of the hydrodynamic model to the
viscoelastic region so that it satisfies the first four nonvanishing sum rules. It has been found that the semi-
empirical model fits well with the x-ray scattering data for liquid metals investigated here. The physical
meaning of the parameters is also discussed.
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The dynamical structure factor of a liquid contains infor- in the linear hydrodynamic formula. Therefore, the physical
mation about the atomic motion at different time and lengthmeaning of the parameters can also be investigated. The
scales. Experimentally information at different length andmodel has the possibility of predicting the dispersion gap as
time scales about dynamics of a liquid can be obtained byvell. We have applied the model to study x-ray scattering
performing neutron or x-ray inelastic scattering. Recentlydata ofS(q,®) for liquid Li, Na, and Al at different wave
there has been increasing interest in the experimental inve§Umbers.
tigation of the dynamical structure fact§{q,») due to its For a linearized symmetric hydrodynamic, density corre-
possibility of studying through x-ray inelastic scattering in lation function,F(q,t) has the form
the nonhydrodynamic region. Liquid metals like |l], Na
[2], and Li[3] have been studied by x-ray inelastic scattering F(g—0t)=S(g—0)[aexp —t/7y) +(1—a)
for which the scattering cross section is purely coherent. _

There exist theoretical methods to study the dynamical struc- X exp(—t/mp)cod wob) ], @
ture factor. One approach to studying the density-density co
relator, a quantity directly related t8(q,w), is based on
Mori's equation of motion4,5]. In this approach the most
important quantity to be examined is the space-time memor
function. In addition to the microscopic ways of evaluation
[4-7], there exist models for the memory function involving
single[4,8] and two relaxation timef9-11]. The single re- 1
laxation time models for the memory function have been s(q,w):_Ref F(q,t)exp(—iwt)dt
able to explain the existence of collective density excitations ™

in liquid metals. However, to reproduce completely the line. )

shapes a limited success has been achieved, even if the ga-then given by

rameters involved are best fitted to experimental data. For

Where S(q) is the static structure factog=(y—1)/y, 7a
=1/D19?%, m,=1/T'qg? andwy=cq. HereD is thermal dif-
fusivity, T' is the sound wave damping constany,
LCP/CU, andc is sound velocity. The dynamical structure
factor defined by

2

example, viscoelastic model could not reproduce x-ray scat- S(q)|y—1 D+q

tering data of liquid Li[2]. The attemp{2] to fit the simple S(q—0w)= Y w?+ (D1P)?
hydrodynamic formula also could not reproduce the x-ray ™

scattering data of the dynamical structure factor in the non- 1 r'q?

hydrodynamic region. Therefore, Scopigebal. [1-3] have + 2—( 5 o5

followed two relaxation timefast and sloyw models to fit Y\ (w—cq)*+(I'q%)

X-ray scattering data of liquid Li, Na, and Al. The origin of a2

these two relaxation times, which is of significant impor- + q ) _ )
tance, is not fully understood, especially the fast one. In the (w+cq)?+(I'g?)?

absence of a clear understanding about relaxation processes

in these liquid metals and having experimental data nowrhis expression is valid in very smadj region. Attempts
available for small wave numbey; it appears useful to ana- have been made in the past to extend this to the viscoelastic
lyze the data by extending the hydrodynamic model to theaegion. Following the idea of McGreevy and Mitch&P], in
viscoelastic region. Therefore, in the present work, we prothe present work we propo$g(q,t) to have the form

pose a model keeping in view that short time dynamics be-

comes more important in the viscoelastic region. The modi- F(q,t)=S(q)[a seclit/ ;) + (1—a)seclit/ m,)cog wet)],
fication of the hydrodynamic formula for the density

correlation function is done in such a way that it satisfies

sum rules up to sixth order and has the expected Gaussiavhich has Gaussian behavior corresponding to a free particle
behavior for a free particle, but reduces to the hydrodynamidor t<7;,7,, but reduces to Eql) for t larger thanr; and
formula in its appropriate limit. The number of parameters int,. The expression for the dynamical structure factor is ob-
our proposed model is also same as the number of variabléained to be
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71 72 2 T2
(1-a)m, y(ﬂ'(w-i- wo)Tz) ®)
ec
4 2 (0%, (0?), (w*), and(w®) are the zeroth, second, fourth,

(w— wg) and sixth sum rules of the dynamical structure factor, respec-

0)72 . . .
+secV6 2) ] (4)  tively. Expressions for these sum rules are already available

[13] in terms of pair potential, static pair, and triplet correla-

tion functions. If one chooses?=r5=m/q’kgTa with
Here the subscript is used to differentiate it from the true (w?)=qg%kgT/m, we obtain from Eq(6)

experimental dynamical structure factor in which quantum

aspects are associated. All the parameters of the model can > q°kgT 1
be related to sum rules &(q,®) by the following relations: wo_m(l—a) S(q) —anb ©
(0°)=5(q) (5) which predicts a dispersion gap forS{f]) <«. Our model is

different from McGreevy and Mitche[l12] in the sense that
the number of parameters are same as those in the hydrody-

5 a , 1-a namic model so that one can considéb] them as their
(09)=8(q)| 5 +(1-a)wg+—|, (6)  wave-vector-dependent equivalence.
1 2 We now apply the semiempirical model to the calculation
of the dynamical structure factor of Li, Na, and Al for dif-
5a 6(1-a)w3 5(1-a) ferent wave numbers. Before we discuss the calculation pro-
{(0M=5(q) — +(1- a)wg+ 5 + | cedure, it is worth noting that for comparing our results with
71 72 72

experiments, we have used the approximation

B Bho
and S(q,w) = msc(q,w), (10)

07

FIG. 1. Comparison of x-ray scattering data
with results of our model for liquid Li afT
=475 K for different wave numbers. Open
circles are x-ray scattering data. Dotted lines with
only a central peak are contributions of the first
term, whereas dashed lines with only two side
peaks are due to the contribution of last the two
terms of Eq.(4). The sum of the two contribu-
tions is shown as a full line.

g=18.8nm"

S(a,0) (10%ps)
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FIG. 2. Comparison of x-ray scattering data with predictions 0f18.79<10 ¢ m? s 2,
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g, implying the reduction of collective effects. The two side
peaks disappears gt=q,,, dm IS the wave number, where
S(q) has first maxima, implying the crossover from elastic to
viscous behavior of fluid.

Since, in the limiting case the two relaxation timgsand
7, have the same meaning as diffusive and viscous relax-
ations of the hydrodynamic model. Therefore, it is interesting
to study the behavior of #{q? and 1/,q? with an increase
in g, which should demonstrate the wave number depen-
dence of thermal diffusivityD and dampingl’, respec-
tively. In Fig. 4 we have plotted %{q? and 14,02 versusq.
It can be seen that bothAt? and 1#,g° decrease witly. It
can also be noted that the value of{lj? is of the order of
1078 m? s~ 1 which is typically of the same order as that of
diffusivity. The experimental values @+ [14] atq=0 are
1 66.77x10 ®m?s !, and 33.39

Eq. (4) for liquid Na atT=390 K. Symbols are the same as thatin X 10 ® m? s~ for Li, Na, and Al, respectively. On the other

Fig. 1.

hand, damping’ can be related to longitudinal viscosity and
thermal conductivity of the system by the relation given as

which connect$2] the experimental dynamical structure fac-
tor to the classical counterpa®t(q,w). Here3=1/kgT and

4
# is Planck’s constant. In this work, we have used our em- I'=o—|5nst ng+(y—1NCy|,
pirical formula (4) for S.(q,w) with S(q) taken from the 2p|3

experimental results and have fitted relaxation times, 7,
frequencyw,, anda measuring the strength of viscous chan-wherep, 75, 7g, A, andC, are mass density, shear viscos-

nel. We have studied the Al system Bt 1000 K, Li atT
=475 K and Na afT=390 K for different wave numbers. constant pressure, respectively. It is kndu] that the main
Results obtained for Li are shown in Fig. 1, for liquid Na in contribution toI’ comes from the viscous processes. The
Fig. 2, and for liquid Al in Fig. 3 for a few wave numbers. values of 1#,q% are of the same order as that Bfwhen
The diffusive and collective mode contributions are showncalculated from Eq(11). For example, for Na, the value bf
separately in these figures. The dotted lines with a singlealculated from Eq(11) by using the experimental values

peak are the contribution of the first tefdliffusive) whereas

1
1D

ity, bulk viscosity, thermal conductivity, and specific heat at

7s. Me, ¥, N, andC, [14] is 5.4267< 10 ° m* s™*. Fur-

dashed lines with two peak structures are the contribution other, a decrease in 4/q? [or I'(q)] is also similar to the

last two termg(collective) of Eq. (4). The full line with one

behavior of generalized longitudinal viscosity wiihas ob-

central peak and two side peaks is representing the sum skrved in liquid417,18.

two contributions. It can be seen from the Figs. 1-3 that our

The parametea is also plotted in Fig. 4. It can be seen

proposed model is able to provide a good agreement witffrom the figure that, which measures the strength of vis-

x-ray scattering data &(q,w) for liquids Li, Na, and Al for

cous channel in comparison to contribution due to diffusive

all wave numbers. It is also seen from the figures that theghenonmena, is comparatively less in the case of Li and Na
sharpness of the two side peaks decreases with an increasetfan in Al. This implies that collective motion is more pro-
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nounced in Li and Na than in Al. The valuesaés predicted
from hydrodynamical formuld (y—1)/y] are 0.12, 0.10,
0.20 for Li, Na, and Al, respectively, a=0 and are shown

in Fig. 4 as horizontal arrows. It is also interesting to see that
where collective density excitations are not clearly seen as
side peaks ir5(qg,w), our model shows the presence of col-
lective modes. This is clearly demonstrated in Fig. 1, in the
case of Li atq=21.3 nm L.

In Fig. 4 we have also shown a variation@f with q for
three liquids considered here. The comparison is made with
experimental results of dispersion curve. It is seen that a
variation ofwg with g is that of the dispersion curve and is in
good agreement with the experimental data. It is also noted
thatwg shows linear behavior for small q values. The experi-
mental values of sound velocity are 4450 nts
2500 mst, and 4750 ms? for Li, Na, and Al, respectively.

FIG. 3. Comparison of x-ray scattering data with predictions of The experimental values of velocity are shown as a slope of
Eq. (4) for liquid Al at T=1000 K. Symbols are the same as that in lines in Fig. 4. It can be seen that the agreement is quite

Fig. 1.

reasonable.
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FIG. 4. (1/q%) in units of 10% m? s 2,
1/7,0% in units of 10® m? s™1, w, in units of
ps !, and parametea versusg. Solid lines are
for Li, dotted lines are for Na, and dashed lines

are for Al. Squares, triangles, and circles are ex-
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In conclusion we find that a simple modification of the NiSm. The predictions of our model in agreement with the
hydrodynamic formula can be used to extend it to the visX-fay scattering data for three metals demonstrates the utility

coelastic region. The present proposed modification allowQ' the proposed modification of the hydrodynamic formula.

us to satisfy sum rules up to the sixth order and retain, in  K.T. thanks the Abdus Salam ICTP, Trieste, Italy, where a
their respective limits, hydrodynamic and free particle re-part of this work has been carried out, for his visit as a
sults. The fitted parameters suggest that wave-numberegular associate. We are also thankful to Scopignal. for
dependent transport processes enter in the relaxation mecharoviding us with experimental data.
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