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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.

. INTRODUCTION compare our results with the recent ones of Alemangl !

Our calculations have been performed with molecular dy-
Although the alkaline-earth metal$la column can be namics simulation in conjunction with an effective pair po-
considered as simple metals in regard of the electronic agential obtained from the second-order pseudopotential per-
pect, they are certainly the less studied elements among tfigrbation theory. The pseudopotential, initially developed for
metals. From the experimental point of view, only a fewthe solid state by Fiolhaiet al,** is known as being trans-
properties have been determined to date. Indeed, we cd@rable to other thermodynamic statesnong which liquids
mention the electrical resistivity, the absolute without changing the values of the parameters. This ability

thermopower the static structurthe sound velocity,and  has been checked successfully in the case of liquid alkali
the density’> This is due to the high chemical reactivity and Mmetals;**> and our investigation is now extended to
to the gas adsorption abilftythat further increase with tem- alkaline-earth metals just above the melting point.

perature. These difficulties have induced a low interest for The article is organized as follows. In Sec. Il we present
technological purposes and a disinterest for theoretical worRome details about the theoretical tools necessary for our
on alkaline-earth metals, while alkali and polyvalent onegdnvestigations: the pseudopotential of Fiolhetsal. and the
were often preferred. However, alkaline-earth metals have #gredients for the molecular dynamics simulations of the

central place. On one hand, they can be considered as simghgysical properties of interest. Sec. Il is devoted to the pre-
and free-electron-like, since they have oslljke conduction ~ Sentation and the discussion of our results: the static structure

electrons. Beryllium and magnesium, essentially free2nd the thermodynamics are compared to the experimental
electron-like, are as simple as soditi®n the other hand, in and theoretical data available, and the dynamical properties
the case of Ca, Sr, and Ba the existence of an emhitgnd ~ are compared to the only neutral pseudoatom results avail-
above the Fermi level, which get nearer as one goes dow@ble. The paper is concluded with a summary.
the lla columrf has a great influence on the electronic prop-
erties. This explains the high electrical resistivity of liquid Il. FORMALISM
barium?°

Recent work$'%-2 have been devoted to this class of
elements to see trends through the Periodic Table and to Simple metals are usually depicted as an assembly of ions
study the transition from alkali to more complex metals inof well-defined electric charge immersed in the bath of the
relation to the influence of the electron gas. Nevertheless, theonduction electrons, the global system being electrically
aim of these works mainly designed for the calculation of theneutral. Since the number of conduction electrons per atom
static structure was essentially to test models of interactionbas an integer valueZ=2 for alkaline-earth meta)s the
(Harrison® Ashcroft!® neutral pseudoatom methdd, direct ion-ion repulsion, essentially coulombic, is easy to de-
Shaw.!! Alemany et al? also computed the velocity auto- scribe contrary to the transition metals. In contrast, the de-
correlation function(VACF), its memory function and the scription of the effective ion-ion interaction is drastically af-
self-diffusion coefficient. fected by the electron-electron and the electron-ion

In this paper, we study the whole set of alkaline earthesinteractions.
namely beryllium, magnesium, calcium, strontium, and The electron-electron interaction relies on the electronic
barium. We present the results of the static structure, i.e., theharge density, which takes also a well-defined value for
pair distribution function and the structure factor, comparedsimple metals. Its description is performed in terms of
with both experimental and theoretical previous works, asscreening with two functions, the Lindhard-Hartree dielectric
well as the VACF and its spectral density, which allow us tofunction e(q) and the local-field correctio(q), which
get the diffusion coefficient. Because of the lack of experi-account for electrostatic and exchange-correlation effects, re-
mental data for the latter properties, we are only able tepectively. Wax and Bretonr&thave shown that the impor-

A. Interatomic pair potential and binding energy
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TABLE |. Thermodynamic states investigated, (expected Thus, the effective pair potential can be obtained from the
temperature(}, atomic volum¢ and universal Ry ,ay) as wellas  perturbation theory applied to second order to the determina-
individual (R, ,«) parameters of Fiolhaiet al’s potential. tion of the configurational energy of the material
Element T(K) Q (af) ay Ry (2) & R (a) Z2 27% (- sinqr

u(r)=—-—_ Fn(q) da, 5)

Be 1560 59.82 4.547 0.197 4.557 0.192 r T Jo qr

Mg 980 173.20 3.493 0.383 3.505 0.383 = being th lized b h t
Ca 1138 33303 3186 0536 3264  0.540 n(a) being the normalized energy-wave number character-

St 1040 42038 3088 0611 3176 0614 'SUC
Ba 998 46512 3.000 0648 3.113 0.651

Fn(a)=

q?Vv \? L 1
47ZN e(q)|\1-G(q)

tant characteristic of5(q) (at least for the static structure )
factor of liquid metals is the lowq limit parametery, de- In the framework pf the sec_on_d—order pertprbgtlon theory
pending on the correlation energy of the electron gas. Th&f the pseudopotential, the binding energy is given by the
exchange-correlation effect is nowadays well-predicted byenergy of an atom, reading as
Monte Carlo techniques, and the Ichimaru and Ut0h)
expression of the local-field correction used in this work is
certainly one of the most reliable.

Since alkaline-earth metals are simple like metals, thel_h f ional is obtainable directly b
main difficulty in the calculation of the effective ion-ion in- | N€ configurational energyo,, IS obtainable directly by

teraction lies in the description of the electron-ion interac-mme_Cul‘_"lr dy”a”?'cs or from its definition in terms of pair
tion. In this work, we use the pseudopotential proposed bylistribution functiong(r), namely

Fiolhais et al,'® whose parameters are determined in the

solid state, and which is presented as being transferable to E :ﬁf u(r)g(r)dr. (8
other environments such as liquids without changing the con2v

value of the parameters. As a consequence of the transfe{_—

ability, the pseudopotential is local and energy independen‘zhe \_/olu_me-depend_ent contribution_to_ the binding energy,
and reads# =e=m,=a,=1) vol» IS given according to the prescription of Hasegawa and

)WZ(Q)- (6)

3
EbinzszT"' Econt Evol- (7)

Watabé?® by
Z(1
W(r)=—§ ;[l—(1+,8x)exp(—ax)]—Aexp(—x) , E e im 2’7TZZE E G(q)
(1) vol eg 40 Vi 4kF q2
wherex=r/R, R being the core decay length. The param- 1 4772
etersA and 8 are expressed in terms af as - " F 9
n(d). 9
2V 470 2
a2« . .
B=——F— (2 In this expressioni.4 represents the ground state energy of
4(a®=1) the electron gas, for which the following Nogés-Pine¥
and interpolation formula is use@vithin atomic units:
a? Z|221 0.916
A= ?—aﬂ. 3 Eeg=§ IR +0.031Inrg—0.115, (10
S

So, the form factor is written under the simple analytic formrS being the radius of the electronic sphere definedrﬁ;y

=97r/4k§=(3/47r)(V/NZ). The first term of Eq(10) is the
1 1 kinetic energy of the free electron gas. The second term is
- +
(qR)? (qR)?+a? the attractive exchange energy due to the parallel-spin elec-
trons separated by Pauli’s exclusion principle. The third term
is the correlation energy that gives an additional lowering in
' (4) energy.
In the right-hand side of Eq9), the second term, usually
The values ofx andR are fitted by Fiolhai®t al!®in order  noted Beg: COrresponds to a rearrangement of various ener-
to reproduce the dominant electronic density features of thgetic contributions for the zero-wave vector and the third
solid. Given that two possible routes are available to deterterm, notedd, represents the self-energy between an ion and
mine these characteristics, the authors published two sets @6 surrounding cloud of charge. In this context, the local
parameters values: the so-called universal and individual vepseudopotential assumed for the ion-electron interaction and
sions. In this work, we use both versions of the potentialthe local-field correctiorG(q) considered for the exchange
The corresponding parameters are compiled in Table | foand correlation effects within the electron gas are crucial for
the elements studied. obtaining the volume-dependent energy.

N
W(q)=4wZR2v

L 2B 2A
[(qR?*+a”)* [(qR)*+1]?
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B. Molecular dynamics simulation

1. 1(r

As far as the test of the effective pair potential is con- Pt =glim ;fo ;1 Vi(to) vi(to+1)-dto. (13
cerned, the best way to compute the structural properties is —
molecular dynamicgMD) simulations since it is largely If y(t) is known on a time range large enough, the spectral
agreed that it is free of physical approximation for classicaldensity of the VACF is simply the Fourier transform
systems. So, the comparison of theoretical results with ex- .
periments only suffers the shortcomings in the description of ~ T .
the interactions. MD simulations are carried out for Be, Mg, @)= f_m p(Dexp~iotdt (14

Ca, Sr, and Ba for the thermodynamic states summarized in o
Table I. For the systems under study, it is found that computiit

The simulations are performed in the NVE microcanoni-On & 2 picoseconds interval is sufficient since the results are

cal ensemble. The system is a cubic box contaimirgoms ~ dominated by statistical noise beyond this fimit. _
with periodic boundary conditions and the box sizes are fit- . F'om phenomenological theory, the self-diffusion coeffi-
ted to the desired densify=N/V. During the thermalization CientD is related to the spectral density as

stage, the system relaxes and the velocities are rescaled each 1 1 (4o

50 time steps to the expected temperature. Once the system D=—-)(w=0)== P(t)dt. (15

is thermalized, the production stage is launched and positions 6 6J -

and velocities of the particles are taped ea¢fobdynamical g rejationship provides the connection between the micro-
propertieg or 10 (for static onep time steps. During this gcqpic correlation function and the macroscopic dynamics.

stage, the temperature is no more renormalized. Because Rbyertheless, if the configurational evolution is referred to as
the statistical fluctuations, for which standard deviations OfBrownian motion,D can also be obtained in another way

the temperature are a few tens of degrees, the effective tergym the mean square displacement r4MSDR)

perature during the production differs from the expected one.

In this paper, we always indicate the effective value of the 1 1r-N

temperature at which the results are obtained, since, as it will o(t)= Nlim —f E [ri(to)—ri(to+1)]%dt,  (16)
be seen later, the self-diffusion coefficient is highly sensitive 7o TJ0I=1

to the temperature. It is worth to mention that the isothermak;,,qq

MD simulation, which requires the renormalization of the

velocities, is proscribed in observing the evolution of a limo(t)=6-D-t. (17)
tagged particle in order to compute the VACF. Depending on t—o

the physical properties under study, two different sizes.for.l.he mean square displacement is a linear function of time
the S'”?“'a“on box are 'used. 256 partlcles for dynamlcaland any deviation from linearity must represent some depar-
properties and 2048 particles for static properties. The blgg%re from a purely random evolution in the diffusive motion

is the system, the faster is the thermalization and the smaller : . - . . .
. of the particule from its original location. It is a stringent test
are the fluctuations of the temperature.

) ; ' . to determine whether the simulated system is fluid or not.
Knowing a great number of successive configurations, th?ndeed if the system is solidr(t) is quite constant on the
pair distribution functiong(r) can be determined from the '

relationshi time range considered and its mean value is much smaller
P than the square of the interatomic distance because of the
lack of diffusion. The well suited MD technique for the de-

n(r) scription of o(t) requires a time rangébout 30 pslarger
9(r)=- Y (1)  than for the VACF. So, production stages of 40000 time
3 mpC{[r+or]°—r} steps are used for the determination of the dynamical prop-

erties. Equationg15) and (17) provide us with a mean to
where C is the number of configurations taped amt) is  check the quality of our calculations since both value®of
the number of atoms counted at a distance betwezmd r should be the same. As it will be observed from the results,
+6r from another atom taken as origin. As we said, forthis equality is verified within 5% in most cases.
computing the static structure the box contals 2048 at- The quality of the spectral density can also be assessed by
oms in order to ensure a large enougbxtension ofg(r).  the relation
So, the structure fact@(q) is obtained straightforwardly by

- 1 [+ KeT
Fourier transform J— iy = B
| Hwdo-"2, 18

. M being the mass of a particle. This last relation is verified
S(gq)=1+p | [g(r)—1]exp(—iqg-r)-dr. (12 \within 1%.

. . Ill. RESULTS AND DISCUSSION
The determination of the VACFy(t), requires larger

time ranges but smaller systems than the determination of We now turn to the presentation of the results. The effec-
S(qg). In that case, simulations are performed on large timdive pair potentials are presented in Fig. 1. Except for Be,
scales with onlyN=256 atoms, and the VACF is obtained they exhibit a noticeable positive first minimum also present
by means of the following relation: in the case of liquid lithiunt? 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. Solid line:
universal parameters; dashed line: individual ones.

For alkaline earths, this feature is typical of the Fiolhais The corresponding static structure fact@) are dis-

et al. electron-ion potential since neither pseudopotentials oplayed in Fig. 3. Though our calculations are performed with
Ashcroft!® Harrison® Shaw!! nor the neutral pseudoatom 2048 particles, we can see that the Iqubehavior ofS(q) is
method® present such a characteristic. In contrast, the posipoorly described because of the smallness of the simulation
tive first minimum on the interionic potential has been al-box. The mesh in theg space being governed by the exten-
ready observed for liquid polyvalent metlsvith a suitable ~ sion ofg(r), it may happen that the curves 8fq) are not
combination of pseudopotentials and local-field correctionssmooth in some crucial ranges, like the position of the main
We can also point out that the parametrizatipmlividual or ~ peak, due to the lack of points. Thus, for Ca, Sr, and Ba, the
universal is relevant only in the case of elements with anheight of the first peak 0§(q) seems to be underestimated
emptyd-band above the Fermi level, namely, Ca, Sr, and Bawhile it is overestimated in the case of Mg. Except these
It mainly modifies the depth of the first minimum, but doessmall differences, the agreement between our calculations
not change the hardness of the repulsive part or the core sizand experiments is overall very satisfactory.

The presentation of the results is divided into two parts: We would like to make a qualitative comparison of the
the first one concerns the structure and thermodynamic progtructure obtained with the Fiolhaet al. pseudopotential
erties for which experimental results are available, and thavith other published studies. Harrison’s pseudopotéhtial
second one deals with dynamical properties that can only bgives results quite comparable to ours, while Ashcroft's
compared with other theoretical works. one” leads to a crude description of the interactions and a

poor prediction of the static structure. The neutral pseudoa-
tom method® is very satisfactory for Mg and Ca, but the
A. Static structure and thermodynamics agreement is getting slightly unsatisfactory for Sr and Ba,

Our results for the pair distribution functiag(r) are pre- particularly in what concerns the height of the first peak of

sented in Fig. 2 for Be, Mg, Ca, Sr, and Ba near their meltings(q)' Tge resultsfobkiine(?_ er Shaw’sf psgudop(;)tbejr?;?e B
point in comparison to the experimeritsTo our knowledge, as good as ours for Mg, slightly worse for ©.a and bad for 5a.

no experimental results have ever been published for Be. | To determine the binding energizq. (7)], we first calcu-

all the cases, the agreement is very good whatever the Fio ate the configurational internal energ,, by MD simula-

haiset al. parameters used. For Mg, there is a slight overeston. We also take advantage of the fluctuations in this en-

timation of the height of the first peak as well as a small shiftergy.(.jurlng the course of the calculatlo.n to evaluate the
pecific heat at constant volume using the standard

of the second and third peaks. For Ca and Ba, the individual

version gives the best predictions while the universal does iﬁxpressiof'?
the case of Sr. Nevertheless, both versions are very close to 2171
: . ’ . . . . N((SE
the experiment. The differences lie mainly in the height of ;:&: E - Ml , (19
the first peak and the depth of the first minimum. Nkg 2 2(Eyin)?
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FIG. 2. Pair distribution functions: MD with universgolid line) and individual parametefslashed lingversus experiments of Waseda
(Ref. 21 (open circles: Mg at 953 K, Ca at 1123 K, Sr at 1053 K, and Ba at 1003NK data are available for Be.

Mg

=70

(Exin) being the average kinetic energy af,,, the fluc-

Ca tuation in the configurational energy. Table Il prese@fs

and E.,, with the other contributions to the volume-
dependent energy, as well as the experimental binding
energy?> Note that the main contributiomd, to the binding
energy comes from the electrostatic interaction between an
ion and its own screening cloud of electrons. In contrast, the
configurational energy is less than 3% of the total internal
energy making impossible the description of the binding by

pair potential alone. Moreover, for all the alkaline-earth met-
als, the configurational contribution acts against cohesion be-

cause of the positive first minimum in the pair potential
Ba stemmed from the Fiolhaist al. pseudopotential.

As a test of transferability of the pseudopotential under
study, we can compare the binding energy with experiment
since it corresponds to the sum of the ionization energies of
the valence electrong;,, and the cohesive energq.
Indeed, we recall that the conventional binding energy can
be writtert* as

E=—(Eio+Econ- (20)

As shown in Table Il, the Fiohlai®t al. pseudopotential
achieves a excellent agreement with experimental data. The
largest discrepancy is for Ba with a difference of 5%. Track-

3 2 0 2 3 10
q@Ah
4 Sr 8
24 24
1 14
0 T [ T
] 2 4 6 8 10 1] 2 4 6 8 10
universal
-------- individual
o experiments

ing the origin of the errors in the cohesive energy of solid
metals, Nogueirat al® attribute the discordance to the ab-

FIG. 3. Static structure factors of Mg, Ca, Sr, and Ba. Samesence ofsd-hybridization contributions to the energy in that

legend as Fig. 2.

pseudopotential.
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TABLE Il. Thermodynamic properties computed with Fiolhaisal’s potential. Atomic units are used

and energies are listed per atom. For each element, the first line corresponds to universal parameters and the
second one to individual ones.

Element 3kgT  rg Eeg Beg @ Evol Econ Epin Ean  CV
Be 0.0074 1.9274 0.0250 —0.2174 —1.0214 —1.2139 0.0436 —1.1629 —1.1338 3.69
—1.0314 —1.2234 0.0420 —1.1740 3.20
Mg 0.0047 2.7445 —0.1240 —0.0819 —0.6962 —0.9022 0.0125 —0.8850 —0.8910 3.92
—0.6952 —0.9012 0.0128 —0.8837 3.52
Ca 0.0054 3.4128-0.1556 —0.0392 —0.5588 —0.7536 0.0093 —0.7389 —0.7344 2.99
—0.5490 —0.7438 0.0092 —0.7292 3.11
Sr 0.0049 3.6884 —0.1604 —0.0286 —0.5110 —0.7001 0.0091 —0.6861 —0.6772 3.12
—0.5016 —0.6907 0.0091 —0.6767 3.38
Ba 0.0047 3.8148 —0.1617 —0.0246 —0.4953 —0.6817 0.0098 —0.6672 —0.6262 2.90
—0.4830 —0.6694 0.0094 —0.6553 3.33

The isometric specific heat obtained by MD is also dis-the VACF reaches zero, its large time limit. In less dense
played in Table Il. The comparison is only possible with systems, such backscattering is not statistically observed, and
other simulation results since no experimental measuremeittis well known that this decreasing obeys &' law in the
of Cy exists for alkaline earthes. It should be stressed thagase of hard spher@sor of Lennard-Joné$ fluids.
the individual parameters of the pseudopotential provide a |n liquid state, the global outline of the VACF is the same
closer agreement with those obtained with the neutrafor all the elements under study. The oscillations, typical
pseudoatom metho]d,bu.t contrarily to these authors we ob- fom liquid metals?® are quickly damped and their exact
serve no striking evolution o€y along the lla column. shapes are then blurred by statistical noise. The depth of the

B. Dynamical properties first minimum is about—0.20 with universal parameters

. . . (—0.25 for Be and Mg,—0.18 for Ca,—0.22 for Sr, and
In Fig. 4, we present the normalized VACF for the five (_ I A ol -
alkaline-earth metals in the liquid state as well as for Mg in O'éo ffg zz'fandm 0'23 \é‘"ﬂl(t)h;'?d'vgual O£e§22‘$2
the solid state. The curves exhibit the qualitative feature Ofor €, —0.26 for Mg and Ba,~U.24 Tor ©a, and-1.25 for
the dense fluids with a negative region that is interpreted a§r)' The second maximum is quite null or sometimes nega-

the motion of ions in the opposite direction to that they hadtVe (Mg and Si. If we consider the results obtained with the
att=0. The correlation between the velocities is lost whenn€utral pseudoatom methéfithe position of the first mini-

1.0
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FIG. 4. Normalized VACEF for liquid Be, Mg, Ca, Sr, and Ba, and solid Mg. Same legend as Fig. 1.
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BT 050K and the correlation is lost after a time about twice longer than
164 in the liquid. This is the manifestation of a transition from a
47 700k diffusing behavior in the liquid state to an essentially vibrat-
12 ing one in the solid state. This is illustrated by the spectral

2 10] 152 density/(w) of the VACF (Figs. 5 and § for which the low

?§ 81 |34k frequency limity(w=0) is related to the self-diffusion co-

Ig 6- efficient according to Eq(15). The features that distinguish
4] 12X ¥(w) of a liquid from that of an ideal harmonic crystal are
21 970K the widening of the spectrum and the nonzero value at zero
0l 221K . . : frequency. Figure 5 clearly points out the transition from

0 20 0 60 80 solid (927 K) to liquid (970 K and higherfor Mg. In this

4
-1
©@s) figure, the variation of the spectral density shows that the
FIG. 5. Spectral density of the VACF of Mg at various tempera- diffusion increases at melting. Meanwhile, the amplitudes of
tures (927 K, 970 K, 1025 K, 1152 K, 1334 K, 1528 K, 1789 K, the vibrations associated with the two peaks located at
1989 K). It is solid at 927 K and liquid at the other temperatures. =25 and 40 rad ps' decrease. When the temperature is fur-
These results are obtained with the universal parameters and atker grown, both the diffusion and the vibrations increase
also representative of the individual ones. with the thermal agitation. Figure 6 attests that the magni-
tude and the frequency decrease when the atoms become
mum is similar to ours, but their depth is increasing with theheavier, the vibration frequencies being 67, 22.5, 12.4, 7.3,
mass of the atoms. This is not the case for the results aind 6.2 rad ps for the main peak in the case of Be, Mg, Ca,
Guptaet al?® obtained with Ashcroft's potential. The latter Sr, and Ba, respectively. Changing the parameters of the po-
authors did not use the MD simulation so that the comparitential slightly shifts the main peak positions, individual pa-
son must be drawn with caution. From our results, we alssameters giving rise to the highest frequencies. It also modi-
observe that the heavier are the atoms, the slower is the lo§igs the lowg limit, namely the diffusion regime in the liquid
of the correlation. Such a relaxation effect must be related tstate, as we are going to see right now.
the velocity of the particles, which is higher for lighter at- We said that the self-diffusion coefficielt can be ob-
oms. A simple picture would be that a light atom collidestained either from the VACF according to E@.5) or from
with the neighboring atoms forming a cage around it morehe MSDR with Eq.(17). The results are summarized in
rapidly than an heavier atom. Table Ill, but the lack of experimental data keeps us from
We now consider the VACF of Mg in solid and liquid any discussion of their relevance. Even if the order of mag-
states. The back-scattering appears to be much more ampiittude of D is acceptable, some remarks have to be done.
fied in the solid statdthe first minimum is about-0.40), Comparing these values with those of the alkali metaise

8
Be Mg Ca
6 -
4
2 -
T 0 T T T
0 100 200 300 400 0 50 100 150 75 100
o (ps)
6 5
Sr Ba
universal
-------- individual
0 1I0 2IO 3I0 4I0 50 3IO 40

FIG. 6. Spectral density of the VACF of liquid Be, Mg, Ca, Sr, and(Bame legend as Fig).1
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TABLE Ill. Self-diffusion coefficients obtained from Eqg&l5) 3
and (17) at temperature3. Dypa are the values obtained by Ale- Ca
many et al!? for temperatures slightly differenD, andD,, are, .
respectively, the values obtained from the VACF and the MSDR. 21 4\'\‘
The coefficients are given in Aps. — LY

o T
Universal Individual NPA <! \f!\.\

Element T(K) D, D, T(K) D, D, Dypa A 4‘:\;!\

Be 1565 0.768 0.790 1509 1.041 1.046 =01 P

Mg 970 0.440 0.476 1001 0.537 0.517 0.665 +zk\\

Ca 1127 0.983 1.031 1104 0.625 0.581 0.606 -1 . . . . . . . . .

Sr 1029 0.559 0.572 1038 0.391 0.403 0.321 0.5 0.6 07 08 0.9 1.0

Ba 986 0472 0479 1006 0.329 0.335 0.233 /T (10°K")

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

can see that our predictions for alkaline-earth metals are
about 2 or 3 times higher. Except for Mg, the trend is a drop The properties of crystalline and liquid phases are found
of the diffusion coefficient in going from light to heavy at- to be adequately modeled by the pseudopotential of Fiolhais
oms, also observed for the alkali metals. In order to estimatet al!® The melting temperature is also fairly well predicted
the relevance of our results, we point out that the differenceontrarily to that is observed for certain elemeffs, Ge,
between the values issued frafift) and froma(t) isafew and transition metalswith empirical pair potentials, for
percents. Besides, if we consider the variationDofrersus  which the predicted melting points are more or less 50% of
temperature for Mg and Ca, plotted in Figs. 7 and 8, respecthe experimental value¥.Since the self-diffusion coefficient
tively, it is found that the results obey an Arrhenius’ law is very sensitive to the temperatu(i is doubled at least
each 400 K it might be a very accurate test of the potential.
D=Dgexp—Q/RT), (21 Unfortunately, no experimental results are available for

o alkaline-earth metals and we can only compare our results of
whereR=8.314 J/K/mol. Least-squares analysis yields val-p \ith existing calculationgTable Ill). The most striking

ues of the preexponenti&ll, and of the activation energ® jfference lies in the trend observed from Mg to Ba. While
presented in Table IV. It should be noticed, as it appears igne Alemanyet al? results vary monotonously, we find that
Fig. 8, thatD is more sensitive to the parametrization in the Mg has smalleD values than Ca and Be. At first sight, we

case of Ca than of Mg. can invoke the simulation process since Alemanyl. per-
formed simulations with 864 particles while we did with 256
C. Discussion and conclusion particles. In order to test the influence of the particle number,

we performed some calculations with 864 particles. It is

It is rather difficult to estimate the error for the dynamical - .
’gund that the trend is still nonmonotonic and that the num-

properties in computer simulations because many factors i
fluence the results of the calculations. These are the rel

tively small number of particles, the periodic boundary con- . _
ditio)rlls, the number 01? configuratioﬁs used in calcnillating'vIg and Ca for the sa|_<e of clquty. S, the difference between
various averages and the shortcomings of the pair potentialf’,Oth sets of results is c_ertamly due to the features of the
hence the pseudopotential. respective pseudo.pote_ntlals: Note thgt the n(_autral _pseudoa—
tom pseudopotential gives rise to pair potentials with large
negative well depth, whereas the Fiolhaisal. one generates
. Mg positive minimum at the position of the first nearest
14 Bk, neighbors.
gﬁ One of the important questions about the alkaline-earth
o~ g metals is the extent to which they can be considered as
& K nearly-free electron metals. The most direct way of studying
< B’ this question is with the electronic density of statB©S).
@ .
£

yer of particles has no relevant influencednas attested in
igs. 7 and 8. In these figures, we only present our results for

According to the findings of Jank and Haffidrased on
. pseudopotential-derived interionic forces, it is clear that the
deviation from the free-electron gas is small only for Mg.
%Eh\ For liquid Be, a deep minimum is observed in the DOS at the
-1 05 06 07 0% 09 o ) Ferml_level, and for Cz_;l, Sr, and Ba the electronl_c structure is
T (10'3K'1) complicated by a partial occupation of theband(in liquid
Ba, the DOS at the Fermi level has 7@%character. If the
FIG. 7. Temperature dependence of the diffusion coefficient fofPrecise character of the DOS at the Fermi level should be
Mg from VACF (squares: universal; triangles: individuahnd important for the pair potential and for the ionic StrUCtEﬁe,
MSDR (circles: universal; crosses: individiaBmall symbols cor- it is also important for the electronic transport properties.
respond to 256 particles and large ones to 864. The dashed line is a The resistivity of liquid alkaline-earth metals at their
guide for the eyes. Note that Dhis plotted versus T0T. melting point are much larger than those of their alkali metal
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TABLE V. Least-squares determination Bfy (A2/ps) andQ (10° J/mo)).

Magnesium Calcium
Universal Individual Universal Individual
Dy D, Dy D, Dy D, Dy D,

Dg 19.157 16.765 17.745 15.539 194.706 172.444 260.932 296.077
Q 30.531 29.025 29.780 28.607 50.976 49.446 56.353 57.914

neighbors and the divalent metals of the column IlIb. Thefor transition metals In contrast to the resistivity, the static
reason usually put forward is the presence of the emptgtructure factor of the simulated system agrees closely with
d-band situated above the Fermi level and getting nearer abe experiment, apart from the fact that slight discrepancies
one goes from Ca to BaThis d-band does not exist in the may arise from the small size of the simulated system.
case of Be and Mg, and it is the reason why Mg is success- Turning now to the influence of the parametrization of the
fully described within the formalism of simple metals. For potential, we can first point out that the difference between
liquid Ba, known to be a bad electric conduct®06 the numerical values of both sets is much smaller in the case
udcm), the description of the electron-ion interaction of alkaline earthes than other metals like alkali for instance.
should be influenced bgd-hybridization, therefore the task For this reason, the static structure does not appear to be very
becomes harder to predict the properties of alkaline-earteensitive to it as we can see from the resultsgff) and
metals as one goes from Be to Ba. S(q), both being in very good agreement with experiment.
In our work, however, we describe the electronic interac-So, for this kind of metals, we have to consider a much more
tions on the same footing from Be to Ba, using the electronsensitive property, and the self-diffusion coefficient could be
ion interaction developed by Fiolhagt al,'® which is con-  this one. Unfortunately, the lack of experimental value pre-
trolled by three dominant parameters: the electron densityents definitive conclusions. Nevertheless, it seems that in-
the valenceZ and the density on the surface of the Wigner-dividual parameters predict smoother variations along the pe-
Seitz cell, represented by the equilibrium number of valenceiodic table than universal ones.
electrons in the interstitial region. This pseudopotential, con- To conclude, we have performed molecular dynamics
structed to reproduce the electronic properties of the solidtudy of liquid alkaline-earth metals with an effective pair
state, has the advantages of computational simplicity angotential derived from the Fiolhaist al. electron-ion pseu-
physical transparency. To keep the consistency, we treat thdopotential in order to check the transferability of the model.
electronic screening in the framework of the linear respons€onsidering that this pseudopotential is exempt from adjust-
theory with the same description of the electron gas as useable parameters, the good quality of our results of the struc-
for the construction of the pseudopotential. We have calcuture factor is a strong argument in favor of the transferability
lated the resistivity of the alkaline-earth metals with Ziman’sof the Fiolhaiset al. pseudopotential from the solid state to
formula. As expected, the predicted values are less than 3e liquid state for alkaline-earth metals as far as the pair
pQcm for all the elements. The discrepancy between theotential and the ionic structure is concerned. The study of
calculated and experimental results is mainly due to thehe dynamic properties and above all of the self-diffusion
d-scattering at the Fermi energy, as emphasized in the earlpoefficient points out the relevance of this latter quantity to
calculations of Moriarty” based on generalized pseudopo-deal with the transferability of the pseudopotential. The ex-
tential method(a procedure analogous to that implementedistence of experimental data would be helpful.
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