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Microscopic dynamics in liquid alkali metals
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The structural and dynamical properties of liquid alkali metals near melting are investigated by realis-

tic computer simulations, which support the idea that several important features follow from suitable

scaling criteria. The data are found to be in excellent agreement with the recent theories of single-

particle dynamics in simple liquids.

PACS number(s): 61.20.Ja, 61.25.Mv

Experiments on monatomic liquid metals had in the
past a considerable impact on our present understanding
of the dynamics of the liquid state. In particular, the
pioneering study of liquid Rb by inelastic neutron scatter-
ing [l] had in this respect a role comparable with the in-

vestigations of liquid argon, the typical "Lennard-Jones"
system. Recently, even more detailed neutron measure-
ments have been reported for another alkali metal, name-

ly liquid Cs near the melting point [2]. Besides their
direct relevance, these data may provide further informa-
tion on the effective pair potentials to be possibly adopted
in realistic molecular-dynamics (MD) simulations for
liquid alkali metals. Second, both the "real" and the MD
data may be used as natural benchmarks for the micro-
scopic theories of the dynamics of simple liquids, a test
made easier by the fact that these nonphenomenological
approaches are nowadays able to predict several impor-
tant results in a rather simple way. In the present contri-
bution we consider both these aspects, starting from the
above-mentioned data for Cs to explore dynamical
features valid also for the other alkali metals near their
melting point. Liquid lithium is, however, excluded from
the very start because of its quantum character.

Empirical evidence that for these systems a sort of
"universal" behavior is somehow to be expected is al-
ready provided at the equilibrium level. For example,
near melting the static structure factors S(k) of liquid
Na, K, Rb, and Cs are found to nearly coincide when
plotted in terms of the scaled unit k/k, where k
denotes the position of the main peak of S(k) in each sys-
tem. This sort of "scaling" for the structural properties
(noted previously [3] using slightly different recipes) relies
on x-ray diffraction data [4], which in the case of liquid
Cs are consistent with the neutron measurements of Ref.
[2]. When planning a series of simulations in these
liquids, the implication to be argued is that the main in-
put quantity, namely a realistic effective pair potential
v(r), should also scale. The potential implemented by
Price, Singwi, and Tosi [5], which has been tested suc-
cessfully in the case of liquid Rb [6], appears to be partic-
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FIG. 1. The effective, density-dependent pair potentials for
the liquid alkali metals Na, K, Rb, and Cs near the melting
point at a reduced density no. =0.895. The potentials have
been evaluated according to the recipes of Ref. [5], and scaled

0
with the proper units. The parameters c, (in K) and o. (in A) are,
respectively, 445.6,3.328 (Na); 421,4.115 (K); 402.2,4.408 (Rb);
386.5,4.761 (Cs). The differences between K, Rb, and Cs lie
within the thickness of the solid line; the dashed line is the re-
sult for Na.

ularly convenient in this respect. Although no natural
units for scaling lengths and energies are a priori ap-
parent in v (r), in Fig. l we show that the various poten-
tials fall on a single line to a very good approximation if
their amplitudes are scaled with the respective well
depths e., and the separations between nuclei measured by
the position o' of the first zero of v (r).

Having this in mind, we have performed a series of
MD experiments for several liquid alkali metals, starting
from liquid cesium at the same thermodynamic state as in
Ref. [2], namely at a number density n =0.0083 A 3 and
a temperature T =308 K. The values of the parameters
of v (r) have been found to be e/ks =386 K and

0
cr =4.761 A. The simulations have been performed in the
(N, V, E) ensemble by standard MD programs; as usual,
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Comparison between the simulated t t fs ruc ure actor
) o squid Cs at 308 K (solid line) and the x-ray data near

the melting point (open circles).

both structural and time-dependent properties b-
'

ed by monitoring the configurations of the system
after a proper equilibration period. In Fig. 2 we report
t e comparison between the computed structure factor
S(k) and the corresponding x-ray data [4] in liquid Cs.
An equally good agreement is obtained for the other al-
kali metals (Na, K,Rb) [7] between the simulated S(k)
and the respective x-ray data reported in Ref. [4]. To ex-

p ore whether these encouraging results are not just limit-

have al
e to the structural properties, in our simulations

e also evaluated the dynamic structure factor S(k, co)

'ns we

or iquid Cs at different wave vectors. A noteworthy
feature for these simulations is that th de ynamic correla-
tions of liquid Cs span longer times than those of, e.g.,
iquid Rb, the typical time scale (Mo /c. )' being 3.07

ps in Cs vs 2.24 in Rb. In Fig. 3 the peak f
o the longitudinal current spectra

J (k )=co) —co S(k, co) are successfully compared with the
experimental data of Ref. [2]. A similar agreement is

present even for the spectral shapes of S(k, co) at several
wave vectors; a more detailed analysis will be reported
elsewhere [7].

Besides the aforementioned "scaling" features, the
main conclusion to be drawn from the previous results is

that even for liquid Cs the effective pair potential of
Price, Singwi, and Tosi appears to be sufficiently reliable

an ynamicalto reproduce satisfactorily the structural and d n

means of suitable simulations one expects to obtain realis-
tic results even for quantities which are not immediatel

e y experiment. A time-dependent quantit of
imme sate y

this t e is foryp ', example, the velocity autocorrelation
iyo

function (VACF) (v&(0) v&(t)) which is the simplest
probe of single-particle motion in a fi 'd dui an is naturally
connected to the self-diffusion coefficient D. The VACF
has been obtained by a series of independent simulations
for Na K Rb , and Cs near the melting point at essential-
ly the same reduced density n o. =0.895. All the findings

s are normalizedare reported in Fig. 4, where the VACF'
an e time is measuredto their initial values 3k T/M and th t'

in units of r =(Mcr /kz T)' . The results appear to be
nearly indistinguishable for the various metals with

deviations in the case of Na due to its slightly

crease of the oscillatory features [in this respect, the
small differences in the reduced v (r) for this element are

cation that the "universality" appears to be valid even for
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FIG. 3. Com ar'
~ . parison between the peak frequency Q~(k) of

the longitudinal current spectra in liquid Cs as found in our
simulations (open circles) and by neutron scattering (triangles) ~

FIG. 4. Thhe velocity autocorrelation functions of the liquid

metals Na, K, Rb, and Cs near melting at the reduced tempera-
tures T*=0.84 (Na), 0.81 (K), 0.79 (Rb), and 0.80 (Cs). The
proper reduced units have been used (see text). For K Rb,

s a t e data are nearly coincident (solid line); the dashed line
is the Na result.
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=c (kq T/MQors ) =Dq, (2)

where c is a constant of the order unity, and Qo (the
square of the so-called Einstein frequency) is the initial
value of K(t). Both Qo and r~ are directly evaluable
from v (r) and purely structural data.

The binary result (2) is appealingly simple, but unfor-
tunately in the liquid range Dz turns out to overestimate
the actual diffusion coefficients by as much as 50%. As a
matter of fact, the previous theory misses another impor-
tant decay mechanism which yields a considerably slower
decrease of K (t) at intermediate and long times. Mode-
coupling (MC) approaches are the natural tool to extract
these long-lasting features; for the VACF the general
framework has been established some time ago [8], and it
has recently been made of much simpler applicability by
the use of well-defined physical approximations [9]. As a
result of these approaches, the full memory function can
be split as K(t)=K~(t)+KMc(t), where K~(t) is the
binary contribution and KMc(t) the mode-coupling
"tail." Although KMc(t) is nearly negligible at short
times, its long-lasting nature has important effects both
on the dynamics of the VACF and on the diffusion
coefficient. In the liquid range, this slowly varying char-
acter is found [9] to be due to the coupling of single-
particle variables to the density fluctuations with wave
vector k=k, namely those with a pronounced "de
Gennes" slowing down. This circumstance yields a con-
siderable simplification in the analysis of MC decay chan-

the dynamics. Although other possible choices of the
time unit give similar results, the previous one is con-
sistent with the t =0 normalization of the VACF, which
implies that in this case the natural energy scale is pro-
vided by k~ T. On a physical basis, all these VACF data
show we11-known features such as an evident first nega-
tive minimum (the "cage effect, " present in all fluids at
high densities) followed by less pronounced oscillations.
The latter (absent in Lennard-Jones liquids) are due to
the more symmetrical shape of the main potential well of
v (r) in liquid metals.

As already pointed out, these data also provide an ac-
curate quantitative test for the modern theories of liquid
dynamics. The quantity of direct theoretical interest for
the VACF is the memory function K(t), connected to the
normalized VACF f(t) by the simple memory equation

g(z) = [z +K (z) ]

where P(z) and K(z) are the respective Laplace trans-
forms of f(t) and K(t). Broadly speaking, K(t) has a
fast initial decay with a typical time scale of some 10
s: this rapid decrease becomes instantaneous for hard
spheres, due to the effect of binary collisions. In a system
with a continuous v (r), the initial decay of K(t) can ap-
proximately be characterized by a single time constant
~~, of the order of the duration of a "binary" collision.
In particular, the assumption that this mechanism is the
only decay channel for K (t) implies a diffusion coefficient
given by

D =(k& T/M) f dr K (t)
0

1.0

0.8

!

I

!

!
o.e!-

Q
00 02 04

0

I

06
tie

I

08 10 1.2

FIG. 5. The scaled memory function K(t) of the velocity au-

tocorrelation function (solid line: complete theory; dashed line:
binary contribution). The open circles are our scaled simulation

data for Na, K, Rb, and Cs. The differences among the systems
are not appreciable.

TABLE I. Diffusion coefficients (in units 10 cm /s) in
several liquid alkali metals near the melting point. Dz and D
are the values predicted by the binary and the full theories, re-
spectively, Dcs is our simulation finding, and D,„p, is the value
observed in real experiments at melting as reported in Ref. [10].

Na
K
Rb
Cs

6.30
5.66
3.89
3.33

4.11
3.61
2.46
2.13

Dcs

4.06
3.58
2.40
2.11

Dexpt

4.06—4.35
3.52-3.72

2.60
2.16

nels (see Ref. [9] for a detailed derivation). The memory
function evaluated in such a way and properly scaled is
compared in Fig. 5 with the K(t) obtained from the
VACF simulation data. Even if there are some
discrepancies around t/v=0. 35 (where the theory pre-
dicts a shoulder rather than the broad peak of the corn-
puter data}, the important dynamical features of K ( t } ap-
pear to be satisfactorily reproduced. In particular, the
full theory accounts quantitatively for the appearance of
two distinct time scales in K(t), thus improving substan-
tially the results of the binary approach.
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Since the theory is able to reproduce the main dynami-
cal details of the VACF memory function, an equally
good agreement is expected for the diffusion coefficient
which is inversely proportional to the area under K(t).
Table I shows that this is indeed the case. The satisfacto-
ry comparison among the theoretical results for D, our
MD simulation findings, and the data from real experi-
ments for all the liquid metals can be viewed as a sort of
summary of all the main points addressed in the present
work.
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