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Structural and dynamical properties of liquid alkaline-earth metals near the melting point
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Molecular dynamics simulations are used to study the static structure, the thermodynamics, and the dynamic
correlations in liquid alkaline-earth metals from beryllium to barium near the melting point. The properties like
structure factor, binding energy, specific heat at constant volume, velocity autocorrelation function, its spectral
density, and self-diffusion coefficient are calculated with a pair potential obtained from a pseudopotential
originally developed for the solid state. Good agreement with the experiment is observed for the stucture factor
and the binding energy, and the computed velocity autocorrelation functions compare favorably with the results
obtained by other theoretical calculations, showing the transferability of the pseudopotential used from solid to
liquid environment in the case of alkaline-earth metals.
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I. INTRODUCTION

Although the alkaline-earth metals~IIa column! can be
considered as simple metals in regard of the electronic
pect, they are certainly the less studied elements among
metals. From the experimental point of view, only a fe
properties have been determined to date. Indeed, we
mention the electrical resistivity,1 the absolute
thermopower,2 the static structure,3 the sound velocity,4 and
the density.5 This is due to the high chemical reactivity an
to the gas adsorption ability6 that further increase with tem
perature. These difficulties have induced a low interest
technological purposes and a disinterest for theoretical w
on alkaline-earth metals, while alkali and polyvalent on
were often preferred. However, alkaline-earth metals hav
central place. On one hand, they can be considered as si
and free-electron-like, since they have onlys-like conduction
electrons. Beryllium and magnesium, essentially fr
electron-like, are as simple as sodium.7 On the other hand, in
the case of Ca, Sr, and Ba the existence of an emptyd-band
above the Fermi level, which get nearer as one goes d
the IIa column,8 has a great influence on the electronic pro
erties. This explains the high electrical resistivity of liqu
barium.1,9

Recent works8,10–12 have been devoted to this class
elements to see trends through the Periodic Table an
study the transition from alkali to more complex metals
relation to the influence of the electron gas. Nevertheless
aim of these works mainly designed for the calculation of
static structure was essentially to test models of interact
~Harrison,8 Ashcroft,10 neutral pseudoatom method,10

Shaw!.11 Alemany et al.12 also computed the velocity auto
correlation function~VACF!, its memory function and the
self-diffusion coefficient.

In this paper, we study the whole set of alkaline earth
namely beryllium, magnesium, calcium, strontium, a
barium. We present the results of the static structure, i.e.,
pair distribution function and the structure factor, compa
with both experimental and theoretical previous works,
well as the VACF and its spectral density, which allow us
get the diffusion coefficient. Because of the lack of expe
mental data for the latter properties, we are only able
PRB 620163-1829/2000/62~22!/14818~10!/$15.00
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compare our results with the recent ones of Alemanyet al.12

Our calculations have been performed with molecular
namics simulation in conjunction with an effective pair p
tential obtained from the second-order pseudopotential
turbation theory. The pseudopotential, initially developed
the solid state by Fiolhaiset al.,13 is known as being trans
ferable to other thermodynamic states~among which liquids!
without changing the values of the parameters. This abi
has been checked successfully in the case of liquid al
metals,14,15 and our investigation is now extended
alkaline-earth metals just above the melting point.

The article is organized as follows. In Sec. II we prese
some details about the theoretical tools necessary for
investigations: the pseudopotential of Fiolhaiset al. and the
ingredients for the molecular dynamics simulations of t
physical properties of interest. Sec. III is devoted to the p
sentation and the discussion of our results: the static struc
and the thermodynamics are compared to the experime
and theoretical data available, and the dynamical proper
are compared to the only neutral pseudoatom results a
able. The paper is concluded with a summary.

II. FORMALISM

A. Interatomic pair potential and binding energy

Simple metals are usually depicted as an assembly of
of well-defined electric charge immersed in the bath of
conduction electrons, the global system being electrica
neutral. Since the number of conduction electrons per a
has an integer value (Z52 for alkaline-earth metals!, the
direct ion-ion repulsion, essentially coulombic, is easy to
scribe contrary to the transition metals. In contrast, the
scription of the effective ion-ion interaction is drastically a
fected by the electron-electron and the electron-
interactions.

The electron-electron interaction relies on the electro
charge density, which takes also a well-defined value
simple metals. Its description is performed in terms
screening with two functions, the Lindhard-Hartree dielect
function «H(q) and the local-field correctionG(q), which
account for electrostatic and exchange-correlation effects
spectively. Wax and Bretonnet16 have shown that the impor
14 818 ©2000 The American Physical Society
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tant characteristic ofG(q) ~at least for the static structur
factor of liquid metals! is the low-q limit parameterg0 de-
pending on the correlation energy of the electron gas.
exchange-correlation effect is nowadays well-predicted
Monte Carlo techniques, and the Ichimaru and Utsumi17 ~IU!
expression of the local-field correction used in this work
certainly one of the most reliable.

Since alkaline-earth metals are simple like metals,
main difficulty in the calculation of the effective ion-ion in
teraction lies in the description of the electron-ion intera
tion. In this work, we use the pseudopotential proposed
Fiolhais et al.,13 whose parameters are determined in
solid state, and which is presented as being transferab
other environments such as liquids without changing
value of the parameters. As a consequence of the tran
ability, the pseudopotential is local and energy independ
and reads (\5e5me5a051)

w~r !52
Z

R H 1

x
@12~11bx!exp~2ax!#2Aexp~2x!J ,

~1!

wherex5r /R, R being the core decay length. The para
etersA andb are expressed in terms ofa as

b5
a322a

4~a221!
~2!

and

A5
a2

2
2ab. ~3!

So, the form factor is written under the simple analytic fo

w~q!54pZR2
N

V F2
1

~qR!2
1

1

~qR!21a2

1
2ab

@~qR!21a2#2
1

2A

@~qR!211#2G . ~4!

The values ofa andR are fitted by Fiolhaiset al.13 in order
to reproduce the dominant electronic density features of
solid. Given that two possible routes are available to de
mine these characteristics, the authors published two se
parameters values: the so-called universal and individual
sions. In this work, we use both versions of the potent
The corresponding parameters are compiled in Table I
the elements studied.

TABLE I. Thermodynamic states investigated (T, expected
temperature;V, atomic volume! and universal (RU ,aU) as well as
individual (RI ,a I) parameters of Fiolhaiset al.’s potential.

Element T ~K! V (a0
3) aU RU (a0) a I RI (a0)

Be 1560 59.82 4.547 0.197 4.557 0.192
Mg 980 173.20 3.493 0.383 3.505 0.383
Ca 1138 333.03 3.186 0.536 3.264 0.540
Sr 1040 420.38 3.088 0.611 3.176 0.614
Ba 998 465.12 3.000 0.648 3.113 0.651
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Thus, the effective pair potential can be obtained from
perturbation theory applied to second order to the determ
tion of the configurational energy of the material

u~r !5
Z2

r
2

2Z2

p E
0

`

FN~q!
sinqr

qr
dq, ~5!

FN(q) being the normalized energy-wave number charac
istic

FN~q!5S q2V

4pZND 2F12
1

«~q!G S 1

12G~q! Dw2~q!. ~6!

In the framework of the second-order perturbation the
of the pseudopotential, the binding energy is given by
energy of an atom, reading as

Ebin5
3

2
kBT1Econ1Evol . ~7!

The configurational energy,Econ, is obtainable directly by
molecular dynamics or from its definition in terms of pa
distribution functiong(r ), namely

Econ5
N

2VE u~r !g~r !dr . ~8!

The volume-dependent contribution to the binding ener
Evol , is given according to the prescription of Hasegawa a
Watabe18 by

Evol5Eeg2 lim
q→0

F2pZ2
N

V S p

4kF
2

G~q!

q2 D G
2

1

2V (
qÞ0

4pZ2

q2
FN~q!. ~9!

In this expression,Eeg represents the ground state energy
the electron gas, for which the following Nozie`res-Pines19

interpolation formula is used~within atomic units!:

Eeg5
Z

2 F2.21

r s
2

2
0.916

r s
10.031 lnr s20.115G , ~10!

r s being the radius of the electronic sphere defined byr s
3

59p/4kF
35(3/4p)(V/NZ). The first term of Eq.~10! is the

kinetic energy of the free electron gas. The second term
the attractive exchange energy due to the parallel-spin e
trons separated by Pauli’s exclusion principle. The third te
is the correlation energy that gives an additional lowering
energy.

In the right-hand side of Eq.~9!, the second term, usuall
notedBeg, corresponds to a rearrangement of various en
getic contributions for the zero-wave vector and the th
term, notedF, represents the self-energy between an ion a
its surrounding cloud of charge. In this context, the loc
pseudopotential assumed for the ion-electron interaction
the local-field correctionG(q) considered for the exchang
and correlation effects within the electron gas are crucial
obtaining the volume-dependent energy.
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B. Molecular dynamics simulation

As far as the test of the effective pair potential is co
cerned, the best way to compute the structural propertie
molecular dynamics~MD! simulations since it is largely
agreed that it is free of physical approximation for classi
systems. So, the comparison of theoretical results with
periments only suffers the shortcomings in the description
the interactions. MD simulations are carried out for Be, M
Ca, Sr, and Ba for the thermodynamic states summarize
Table I.

The simulations are performed in the NVE microcano
cal ensemble. The system is a cubic box containingN atoms
with periodic boundary conditions and the box sizes are
ted to the desired densityr5N/V. During the thermalization
stage, the system relaxes and the velocities are rescaled
50 time steps to the expected temperature. Once the sy
is thermalized, the production stage is launched and posit
and velocities of the particles are taped each 5~for dynamical
properties! or 10 ~for static ones! time steps. During this
stage, the temperature is no more renormalized. Becaus
the statistical fluctuations, for which standard deviations
the temperature are a few tens of degrees, the effective
perature during the production differs from the expected o
In this paper, we always indicate the effective value of
temperature at which the results are obtained, since, as it
be seen later, the self-diffusion coefficient is highly sensit
to the temperature. It is worth to mention that the isotherm
MD simulation, which requires the renormalization of th
velocities, is proscribed in observing the evolution of
tagged particle in order to compute the VACF. Depending
the physical properties under study, two different sizes
the simulation box are used: 256 particles for dynami
properties and 2048 particles for static properties. The big
is the system, the faster is the thermalization and the sm
are the fluctuations of the temperature.

Knowing a great number of successive configurations,
pair distribution functiong(r ) can be determined from th
relationship

g~r !5
n~r !

4
3 prC$@r 1dr #32r 3%

, ~11!

whereC is the number of configurations taped andn(r ) is
the number of atoms counted at a distance betweenr and r
1dr from another atom taken as origin. As we said,
computing the static structure the box containsN52048 at-
oms in order to ensure a large enoughr extension ofg(r ).
So, the structure factorS(q) is obtained straightforwardly by
Fourier transform

S~q!511rE @g~r !21#exp~2 iq•r !•dr . ~12!

The determination of the VACF,c(t), requires larger
time ranges but smaller systems than the determinatio
S(q). In that case, simulations are performed on large ti
scales with onlyN5256 atoms, and the VACF is obtaine
by means of the following relation:
-
is

l
x-
f

,
in

-

t-

ach
em
ns

of
f
m-
e.
e
ill
e
l

n
r
l

er
ler

e

r

of
e

c~ t !5
1

N
lim
t→`

1

tE0

t

(
i 51

N

vi~ t0!•vi~ t01t !•dt0 . ~13!

If c(t) is known on a time range large enough, the spec
density of the VACF is simply the Fourier transform

c̃~v!5E
2`

1`

c~ t !exp~2 ivt !dt. ~14!

For the systems under study, it is found that computingc(t)
on a 2 picoseconds interval is sufficient since the results
dominated by statistical noise beyond this limit.

From phenomenological theory, the self-diffusion coef
cient D is related to the spectral density as

D5
1

6
c̃~v50!5

1

6E2`

1`

c~ t !dt. ~15!

This relationship provides the connection between the mic
scopic correlation function and the macroscopic dynam
Nevertheless, if the configurational evolution is referred to
Brownian motion,D can also be obtained in another wa
from the mean square displacement ratio~MSDR!

s~ t !5
1

N
lim
t→`

1

tE0

t

(
i 51

N

@r i~ t0!2r i~ t01t !#2dt0 ~16!

since

lim
t→`

s~ t !56•D•t. ~17!

The mean square displacement is a linear function of t
and any deviation from linearity must represent some dep
ture from a purely random evolution in the diffusive motio
of the particule from its original location. It is a stringent te
to determine whether the simulated system is fluid or n
Indeed, if the system is solid,s(t) is quite constant on the
time range considered and its mean value is much sma
than the square of the interatomic distance because of
lack of diffusion. The well suited MD technique for the de
scription ofs(t) requires a time range~about 30 ps! larger
than for the VACF. So, production stages of 40 000 tim
steps are used for the determination of the dynamical pr
erties. Equations~15! and ~17! provide us with a mean to
check the quality of our calculations since both values oD
should be the same. As it will be observed from the resu
this equality is verified within 5% in most cases.

The quality of the spectral density can also be assesse
the relation

1

6pE2`

1`

c̃~v!dv5
kBT

M
, ~18!

M being the mass of a particle. This last relation is verifi
within 1%.

III. RESULTS AND DISCUSSION

We now turn to the presentation of the results. The eff
tive pair potentials are presented in Fig. 1. Except for B
they exhibit a noticeable positive first minimum also pres
in the case of liquid lithium,15 although not so pronounced
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FIG. 1. Effective interionic pair potentials for Be, Mg, Ca, Sr, and Ba at the thermodynamic states indicated in Table I. Sol
universal parameters; dashed line: individual ones.
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For alkaline earths, this feature is typical of the Fiolha
et al. electron-ion potential since neither pseudopotentials
Ashcroft,10 Harrison,8 Shaw,11 nor the neutral pseudoatom
method10 present such a characteristic. In contrast, the p
tive first minimum on the interionic potential has been
ready observed for liquid polyvalent metals20 with a suitable
combination of pseudopotentials and local-field correctio
We can also point out that the parametrization~individual or
universal! is relevant only in the case of elements with
emptyd-band above the Fermi level, namely, Ca, Sr, and
It mainly modifies the depth of the first minimum, but do
not change the hardness of the repulsive part or the core

The presentation of the results is divided into two pa
the first one concerns the structure and thermodynamic p
erties for which experimental results are available, and
second one deals with dynamical properties that can only
compared with other theoretical works.

A. Static structure and thermodynamics

Our results for the pair distribution functiong(r ) are pre-
sented in Fig. 2 for Be, Mg, Ca, Sr, and Ba near their melt
point in comparison to the experiments.21 To our knowledge,
no experimental results have ever been published for Be
all the cases, the agreement is very good whatever the F
haiset al. parameters used. For Mg, there is a slight over
timation of the height of the first peak as well as a small s
of the second and third peaks. For Ca and Ba, the individ
version gives the best predictions while the universal doe
the case of Sr. Nevertheless, both versions are very clos
the experiment. The differences lie mainly in the height
the first peak and the depth of the first minimum.
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The corresponding static structure factorsS(q) are dis-
played in Fig. 3. Though our calculations are performed w
2048 particles, we can see that the low-q behavior ofS(q) is
poorly described because of the smallness of the simula
box. The mesh in theq space being governed by the exte
sion of g(r ), it may happen that the curves ofS(q) are not
smooth in some crucial ranges, like the position of the m
peak, due to the lack of points. Thus, for Ca, Sr, and Ba,
height of the first peak ofS(q) seems to be underestimate
while it is overestimated in the case of Mg. Except the
small differences, the agreement between our calculat
and experiments is overall very satisfactory.

We would like to make a qualitative comparison of th
structure obtained with the Fiolhaiset al. pseudopotential
with other published studies. Harrison’s pseudopotent8

gives results quite comparable to ours, while Ashcrof
one10 leads to a crude description of the interactions an
poor prediction of the static structure. The neutral pseud
tom method10 is very satisfactory for Mg and Ca, but th
agreement is getting slightly unsatisfactory for Sr and B
particularly in what concerns the height of the first peak
S(q). The results obtained with Shaw’s pseudopotential11 are
as good as ours for Mg, slightly worse for Ca and bad for B

To determine the binding energy@Eq. ~7!#, we first calcu-
late the configurational internal energyEcon by MD simula-
tion. We also take advantage of the fluctuations in this
ergy during the course of the calculation to evaluate
specific heat at constant volume using the stand
expression22

CV* 5
CV

NkB
5

3

2 F12
3N^~dEcon!

2&

2^Ekin&
2 G21

, ~19!
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FIG. 2. Pair distribution functions: MD with universal~solid line! and individual parameters~dashed line! versus experiments of Wased
~Ref. 21! ~open circles: Mg at 953 K, Ca at 1123 K, Sr at 1053 K, and Ba at 1005 K!. No data are available for Be.
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FIG. 3. Static structure factors of Mg, Ca, Sr, and Ba. Sa

legend as Fig. 2.
^Ekin& being the average kinetic energy anddEcon, the fluc-
tuation in the configurational energy. Table II presentsCV*
and Econ with the other contributions to the volume
dependent energy, as well as the experimental bind
energy.23 Note that the main contribution,F, to the binding
energy comes from the electrostatic interaction between
ion and its own screening cloud of electrons. In contrast,
configurational energy is less than 3% of the total inter
energy making impossible the description of the binding
pair potential alone. Moreover, for all the alkaline-earth m
als, the configurational contribution acts against cohesion
cause of the positive first minimum in the pair potent
stemmed from the Fiolhaiset al. pseudopotential.

As a test of transferability of the pseudopotential und
study, we can compare the binding energy with experim
since it corresponds to the sum of the ionization energie
the valence electrons,Eio , and the cohesive energy,Ecoh.
Indeed, we recall that the conventional binding energy c
be written24 as

E52~Eio1Ecoh!. ~20!

As shown in Table II, the Fiohlaiset al. pseudopotential
achieves a excellent agreement with experimental data.
largest discrepancy is for Ba with a difference of 5%. Trac
ing the origin of the errors in the cohesive energy of so
metals, Nogueiraet al.25 attribute the discordance to the a
sence ofsd-hybridization contributions to the energy in th
pseudopotential.

e
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TABLE II. Thermodynamic properties computed with Fiolhaiset al.’s potential. Atomic units are used
and energies are listed per atom. For each element, the first line corresponds to universal parameter
second one to individual ones.

Element 3
2 kBT r s Eeg Beg F Evol Econ Ebin Ebin

exp CV*

Be 0.0074 1.9274 0.0250 20.2174 21.0214 21.2139 0.0436 21.1629 21.1338 3.69
21.0314 21.2234 0.0420 21.1740 3.20

Mg 0.0047 2.7445 20.1240 20.0819 20.6962 20.9022 0.0125 20.8850 20.8910 3.92
20.6952 20.9012 0.0128 20.8837 3.52

Ca 0.0054 3.412820.1556 20.0392 20.5588 20.7536 0.0093 20.7389 20.7344 2.99
20.5490 20.7438 0.0092 20.7292 3.11

Sr 0.0049 3.6884 20.1604 20.0286 20.5110 20.7001 0.0091 20.6861 20.6772 3.12
20.5016 20.6907 0.0091 20.6767 3.38

Ba 0.0047 3.8148 20.1617 20.0246 20.4953 20.6817 0.0098 20.6672 20.6262 2.90
20.4830 20.6694 0.0094 20.6553 3.33
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The isometric specific heat obtained by MD is also d
played in Table II. The comparison is only possible w
other simulation results since no experimental measurem
of CV exists for alkaline earthes. It should be stressed
the individual parameters of the pseudopotential provid
closer agreement with those obtained with the neu
pseudoatom method,12 but contrarily to these authors we ob
serve no striking evolution ofCV along the IIa column.

B. Dynamical properties

In Fig. 4, we present the normalized VACF for the fiv
alkaline-earth metals in the liquid state as well as for Mg
the solid state. The curves exhibit the qualitative feature
the dense fluids with a negative region that is interpreted
the motion of ions in the opposite direction to that they h
at t50. The correlation between the velocities is lost wh
-

nt
at
a
l

f
s

d
n

the VACF reaches zero, its large time limit. In less den
systems, such backscattering is not statistically observed,
it is well known that this decreasing obeys at23/2 law in the
case of hard spheres26 or of Lennard-Jones27 fluids.

In liquid state, the global outline of the VACF is the sam
for all the elements under study. The oscillations, typi
from liquid metals,28 are quickly damped and their exa
shapes are then blurred by statistical noise. The depth o
first minimum is about20.20 with universal parameter
~20.25 for Be and Mg,20.18 for Ca,20.22 for Sr, and
20.20 for Ba!, and20.25 with the individual ones~20.22
for Be, 20.26 for Mg and Ba,20.24 for Ca, and20.25 for
Sr!. The second maximum is quite null or sometimes ne
tive ~Mg and Sr!. If we consider the results obtained with th
neutral pseudoatom method,12 the position of the first mini-
FIG. 4. Normalized VACF for liquid Be, Mg, Ca, Sr, and Ba, and solid Mg. Same legend as Fig. 1.
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14 824 PRB 62J.-F. WAX, R. ALBAKI, AND J.-L. BRETONNET
mum is similar to ours, but their depth is increasing with t
mass of the atoms. This is not the case for the results
Guptaet al.29 obtained with Ashcroft’s potential. The latte
authors did not use the MD simulation so that the comp
son must be drawn with caution. From our results, we a
observe that the heavier are the atoms, the slower is the
of the correlation. Such a relaxation effect must be relate
the velocity of the particles, which is higher for lighter a
oms. A simple picture would be that a light atom collid
with the neighboring atoms forming a cage around it m
rapidly than an heavier atom.

We now consider the VACF of Mg in solid and liqui
states. The back-scattering appears to be much more am
fied in the solid state~the first minimum is about20.40),

FIG. 5. Spectral density of the VACF of Mg at various tempe
tures~927 K, 970 K, 1025 K, 1152 K, 1334 K, 1528 K, 1789 K
1989 K!. It is solid at 927 K and liquid at the other temperature
These results are obtained with the universal parameters and
also representative of the individual ones.
of

i-
o
ss

to

e

pli-

and the correlation is lost after a time about twice longer th
in the liquid. This is the manifestation of a transition from
diffusing behavior in the liquid state to an essentially vibr
ing one in the solid state. This is illustrated by the spec

densityc̃(v) of the VACF~Figs. 5 and 6!, for which the low

frequency limitc̃(v50) is related to the self-diffusion co
efficient according to Eq.~15!. The features that distinguis

c̃(v) of a liquid from that of an ideal harmonic crystal a
the widening of the spectrum and the nonzero value at z
frequency. Figure 5 clearly points out the transition fro
solid ~927 K! to liquid ~970 K and higher! for Mg. In this
figure, the variation of the spectral density shows that
diffusion increases at melting. Meanwhile, the amplitudes
the vibrations associated with the two peaks located av
525 and 40 rad ps21 decrease. When the temperature is fu
ther grown, both the diffusion and the vibrations increa
with the thermal agitation. Figure 6 attests that the mag
tude and the frequency decrease when the atoms bec
heavier, the vibration frequencies being 67, 22.5, 12.4,
and 6.2 rad ps21 for the main peak in the case of Be, Mg, C
Sr, and Ba, respectively. Changing the parameters of the
tential slightly shifts the main peak positions, individual p
rameters giving rise to the highest frequencies. It also mo
fies the low-q limit, namely the diffusion regime in the liquid
state, as we are going to see right now.

We said that the self-diffusion coefficientD can be ob-
tained either from the VACF according to Eq.~15! or from
the MSDR with Eq.~17!. The results are summarized i
Table III, but the lack of experimental data keeps us fro
any discussion of their relevance. Even if the order of m
nitude of D is acceptable, some remarks have to be do
Comparing these values with those of the alkali metals,30 we

-

.
are
FIG. 6. Spectral density of the VACF of liquid Be, Mg, Ca, Sr, and Ba~same legend as Fig. 1!.



a
ro
t-
a

nc

e

al

s
he

a
i

e
n

in
ti

nd
ais
d

of
t

al.
for
s of

ile
t
e

6
er,
is

m-

for
en
the
doa-
rge

st

rth
as

ing

the
g.
the
e is

be
,

ir
tal

fo

i

-

R

5
6
1
3

PRB 62 14 825STRUCTURAL AND DYNAMICAL PROPERTIES OF . . .
can see that our predictions for alkaline-earth metals
about 2 or 3 times higher. Except for Mg, the trend is a d
of the diffusion coefficient in going from light to heavy a
oms, also observed for the alkali metals. In order to estim
the relevance of our results, we point out that the differe
between the values issued fromc(t) and froms(t) is a few
percents. Besides, if we consider the variation ofD versus
temperature for Mg and Ca, plotted in Figs. 7 and 8, resp
tively, it is found that the results obey an Arrhenius’ law

D5D0 exp~2Q/RT!, ~21!

whereR58.314 J/K/mol. Least-squares analysis yields v
ues of the preexponentialD0 and of the activation energyQ
presented in Table IV. It should be noticed, as it appear
Fig. 8, thatD is more sensitive to the parametrization in t
case of Ca than of Mg.

C. Discussion and conclusion

It is rather difficult to estimate the error for the dynamic
properties in computer simulations because many factors
fluence the results of the calculations. These are the r
tively small number of particles, the periodic boundary co
ditions, the number of configurations used in calculat
various averages and the shortcomings of the pair poten
hence the pseudopotential.

FIG. 7. Temperature dependence of the diffusion coefficient
Mg from VACF ~squares: universal; triangles: individual! and
MSDR ~circles: universal; crosses: individual!. Small symbols cor-
respond to 256 particles and large ones to 864. The dashed line
guide for the eyes. Note that lnD is plotted versus 103/T.

TABLE III. Self-diffusion coefficients obtained from Eqs.~15!
and ~17! at temperaturesT. DNPA are the values obtained by Ale
many et al.12 for temperatures slightly different.Dc and Ds are,
respectively, the values obtained from the VACF and the MSD
The coefficients are given in Å2/ps.

Universal Individual NPA
Element T(K) Dc Ds T(K) Dc Ds DNPA

Be 1565 0.768 0.790 1599 1.041 1.046
Mg 970 0.440 0.476 1001 0.537 0.517 0.66
Ca 1127 0.983 1.031 1104 0.625 0.581 0.60
Sr 1029 0.559 0.572 1038 0.391 0.403 0.32
Ba 986 0.472 0.479 1006 0.329 0.335 0.23
re
p

te
e

c-

-

in

l
n-
la-
-
g
al,

The properties of crystalline and liquid phases are fou
to be adequately modeled by the pseudopotential of Fiolh
et al.13 The melting temperature is also fairly well predicte
contrarily to that is observed for certain elements~Si, Ge,
and transition metals! with empirical pair potentials, for
which the predicted melting points are more or less 50%
the experimental values.31 Since the self-diffusion coefficien
is very sensitive to the temperature~it is doubled at least
each 400 K!, it might be a very accurate test of the potenti
Unfortunately, no experimental results are available
alkaline-earth metals and we can only compare our result
D with existing calculations~Table III!. The most striking
difference lies in the trend observed from Mg to Ba. Wh
the Alemanyet al.12 results vary monotonously, we find tha
Mg has smallerD values than Ca and Be. At first sight, w
can invoke the simulation process since Alemanyet al. per-
formed simulations with 864 particles while we did with 25
particles. In order to test the influence of the particle numb
we performed some calculations with 864 particles. It
found that the trend is still nonmonotonic and that the nu
ber of particles has no relevant influence onD, as attested in
Figs. 7 and 8. In these figures, we only present our results
Mg and Ca for the sake of clarity. So, the difference betwe
both sets of results is certainly due to the features of
respective pseudopotentials. Note that the neutral pseu
tom pseudopotential gives rise to pair potentials with la
negative well depth, whereas the Fiolhaiset al.one generates
positive minimum at the position of the first neare
neighbors.

One of the important questions about the alkaline-ea
metals is the extent to which they can be considered
nearly-free electron metals. The most direct way of study
this question is with the electronic density of states~DOS!.
According to the findings of Jank and Hafner8 based on
pseudopotential-derived interionic forces, it is clear that
deviation from the free-electron gas is small only for M
For liquid Be, a deep minimum is observed in the DOS at
Fermi level, and for Ca, Sr, and Ba the electronic structur
complicated by a partial occupation of thed-band~in liquid
Ba, the DOS at the Fermi level has 70%d-character!. If the
precise character of the DOS at the Fermi level should
important for the pair potential and for the ionic structure32

it is also important for the electronic transport properties.
The resistivity of liquid alkaline-earth metals at the

melting point are much larger than those of their alkali me

r

s a

FIG. 8. Same as Fig. 7 for Ca.

.
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TABLE IV. Least-squares determination ofD0 (Å 2/ps) andQ (103 J/mol!.

Magnesium Calcium
Universal Individual Universal Individual

DC Ds DC Ds DC Ds DC Ds

D0 19.157 16.765 17.745 15.539 194.706 172.444 260.932 296.
Q 30.531 29.025 29.780 28.607 50.976 49.446 56.353 57.9
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neighbors and the divalent metals of the column IIb. T
reason usually put forward is the presence of the em
d-band situated above the Fermi level and getting neare
one goes from Ca to Ba.1 This d-band does not exist in th
case of Be and Mg, and it is the reason why Mg is succe
fully described within the formalism of simple metals. F
liquid Ba, known to be a bad electric conductor~306
mV cm!, the description of the electron-ion interactio
should be influenced bysd-hybridization, therefore the tas
becomes harder to predict the properties of alkaline-e
metals as one goes from Be to Ba.

In our work, however, we describe the electronic inter
tions on the same footing from Be to Ba, using the electr
ion interaction developed by Fiolhaiset al.,13 which is con-
trolled by three dominant parameters: the electron dens
the valenceZ and the density on the surface of the Wigne
Seitz cell, represented by the equilibrium number of vale
electrons in the interstitial region. This pseudopotential, c
structed to reproduce the electronic properties of the s
state, has the advantages of computational simplicity
physical transparency. To keep the consistency, we trea
electronic screening in the framework of the linear respo
theory with the same description of the electron gas as u
for the construction of the pseudopotential. We have ca
lated the resistivity of the alkaline-earth metals with Ziman
formula. As expected, the predicted values are less than
mV cm for all the elements. The discrepancy between
calculated and experimental results is mainly due to
d-scattering at the Fermi energy, as emphasized in the e
calculations of Moriarty32 based on generalized pseudop
tential method~a procedure analogous to that implemen
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for transition metals!. In contrast to the resistivity, the stati
structure factor of the simulated system agrees closely w
the experiment, apart from the fact that slight discrepanc
may arise from the small size of the simulated system.

Turning now to the influence of the parametrization of t
potential, we can first point out that the difference betwe
the numerical values of both sets is much smaller in the c
of alkaline earthes than other metals like alkali for instan
For this reason, the static structure does not appear to be
sensitive to it as we can see from the results ofg(r ) and
S(q), both being in very good agreement with experime
So, for this kind of metals, we have to consider a much m
sensitive property, and the self-diffusion coefficient could
this one. Unfortunately, the lack of experimental value p
vents definitive conclusions. Nevertheless, it seems that
dividual parameters predict smoother variations along the
riodic table than universal ones.

To conclude, we have performed molecular dynam
study of liquid alkaline-earth metals with an effective pa
potential derived from the Fiolhaiset al. electron-ion pseu-
dopotential in order to check the transferability of the mod
Considering that this pseudopotential is exempt from adju
able parameters, the good quality of our results of the str
ture factor is a strong argument in favor of the transferabi
of the Fiolhaiset al. pseudopotential from the solid state
the liquid state for alkaline-earth metals as far as the p
potential and the ionic structure is concerned. The study
the dynamic properties and above all of the self-diffusi
coefficient points out the relevance of this latter quantity
deal with the transferability of the pseudopotential. The e
istence of experimental data would be helpful.
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