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Abstract. Ab initio molecular dynamics simulations are carried out for liquid LigpgPbg, and
LipsPbg s alloys to investigate the ionic structure and the electronic states. In our simulation, the
existence of the ‘chemical complex’ LisPb is not found; rather, a salt-like ordering of Pb ions is
seen in the liquid Lig gPby 2 alloy. It is found from the calculated partial and total structure factors
that this ordering leads to the characteristic behaviour of the total structure factor, which agrees well
with the results of a neutron diffraction experiment. The composition dependence of the electronic
states is explained on the basis of the ionic configuration. The tendency towards ionicity or charge
transfer is seen in both liquid alloys, though the valence-electronic charge distribution is not so
localized around the ions.

1. Introduction

Among the liquid alkali—Pb alloys which are well known as compound-forming liquid alloys,
the liquid Li—Pb alloys are constituted from the smallest alkali atoms and Pb atoms. The liquid
Li—Pb alloys show characteristic behaviours near the ‘stoichiometric’ composition of Li4Pb as
regards structural, thermal and electrical properties. At this composition the stability function
has a strong peak, indicating strongly reduced concentration fluctuations [1], and the entropy
of mixing seems to have a dip [2]. The excess volume per atom is negative with a strongest
relative deviation of about —18% near the composition of LisPb [3]. At the same composition
the thermopower changes its sign and the electrical resistivity peaks at about 500 €2 cm but
still remains metallic [4]. These phenomena have been thought to be associated with a charge
transfer from alkali atoms to Pb atoms, due to the large difference in electronegativity between
alkali and Pb atoms.

The large-alkali (K, Rb, Cs)-Pb systems have highly stable crystalline compounds at the
equiatomic composition and their ionic structures have tetrahedral Pbi_ polyanions, so-called
‘Zintl ions’, separated from each other by the alkali atoms. On the other hand, there is no
tetrahedral Pbi_ polyanion in the LiPb crystalline compound, and a number of more stable
compounds are seen around 20% Pb concentration. The common feature of these Li—Pb
compounds is that each Pb atom is surrounded by Li atoms only. In the liquid states, it is
known from neutron diffraction experiments [5] that the tendency towards hetero-coordination
characteristic of such crystalline compounds is most pronounced at Lip §Pby» and that such a
hetero-coordination is associated with a ‘partially’ salt-like bonding between unlike atoms.

T Present address: Department of Computational Science, Faculty of Science, Kanazawa University, Kakuma-machi,
Kanazawa 920-1192, Japan

0953-8984/00/286101+12$30.00 © 2000 IOP Publishing Ltd 6101



6102 Y Senda et al

To explain the observed phenomena at the composition Lij gPbyg >, theoretical studies have
been carried out extensively and a variety of models for this liquid alloy have been proposed.
On the basis of the assumption of the charge transfer mentioned above, the Lij gPby , alloy was
modelled as an ionic liquid, in which the interionic potentials are described by the screened
Coulomb potential with the effective charges of Li and Pb atoms [6]. Hoshino considered
the liquid Lip gPby, alloy as a ternary mixture of Li, Pb and Li4Pb ‘molecules’, and showed
that the calculated structure factor could reproduce the characteristic features of the observed
one [7]. In these studies, however, the correlation between the ionic structure and the electronic
states was not taken into account. Since the value of the experimental resistivity of the liquid
Lig gPby, alloy is still in the metallic region [4], the ion—electron interaction is expected to
significantly contribute to the ionic structure.

An ab initio molecular dynamics (MD) simulation is a very effective and successful tool
for describing liquid alloys in which the correlation between the ionic configuration and the
electronic states plays an important role [8,9]. We have already carried out ab initio MD
simulations for the liquid Na—Pb and K-Pb alloys to investigate the microscopic structure and
electronic states [ 10, 11], the results of which have contributed to a better understanding of these
liquid alloys. It has been expected from many experimental and theoretical studies that the
tetrahedral Pbi* polyanions as seen in the equiatomic crystalline compound will persist even in
the liquid Na—Pb and K-Pb alloys. It was shown from our calculations that the ionic structures
obtained are far from the perfect tetrahedral Zintl-ion picture. For the liquid equiatomic alloys,
the polyanions are connected to each other and a complex structure is formed, while they are
seen clearly for liquid alkali-rich alloys. In particular, for the liquid K-rich alloy, tetrahedral
Pbi* appears as an isolated cluster with a high stability. It is found that the Pb polyanions
become more stable with increasing size of the alkali atoms, as was suggested by Geertsma
and van der Lugt [12].

Under these circumstances, it is interesting to carry out an ab initio MD simulation for
the liquid alloy which is constituted from the smallest alkali Li atoms and Pb atoms. In this
paper we carry out ab initio MD simulations for the liquid Lig gPbg » and Lig sPbg 5 alloys. The
purposes of this paper are (i) to investigate the ionic structures and the electronic states, and
the relationship between them, and (ii) to provide a microscopic interpretation for the observed
characteristic features such as the composition dependence of the structure and the electrical
resistivity.

In section 2 we briefly summarize the method of our ab initio MD simulation. In sections 3
and 4, the results of our calculation are given and discussed in comparison with the experiment.

2. Method

To study the structure and the electronic states of liquid Li-Pb alloys, we carry out an
ab initio MD simulation, which is based on the density functional theory in the local-density
approximation, the pseudopotential theory and the adiabatic approximation. We minimize
the Kohn—Sham energy functional for a given ionic configuration by the conjugate-gradient
method [13, 14] and calculate the electron density and the forces acting on ions on the basis of
the Hellmann—Feynman theorem.

We use the norm-conserving pseudopotential proposed by Troullier and Martins [15]
for both Li and Pb atoms. The Pb pseudopotential is generated from the scalar-relativistic
atomic calculation [16]. The non-local part of the pseudopotential is calculated using the
Kleinman—Bylander separable form [17]. The exchange—correlation energy is calculated in
the local-density approximation [18, 19]. The partial-core correction [20] is taken into account
to guarantee the transferability of the pseudopotentials employed. The fractional occupancies
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of energy levels are introduced in order to ensure the convergence of the electronic states of
the metals. The wavefunction, sampled only at the I" point of the Brillouin zone, is expanded
in plane waves and their cut-off energy is 10 Ryd, which is determined as the value required
to achieve convergence of the total energy to within 1 mRyd/electron.

In our calculations, a cubic supercell is used and the periodic boundary condition is
imposed. The total number of atoms in the supercell is taken to be one hundred. The side
of the cubic cell is about 13-14 A. As an initial configuration, Li and Pb atoms are randomly
arranged on the simple-cubic lattice.

A constant-temperature MD simulation is carried out using the Nosé—Hoover thermostat
technique [21,22]. The classical equations of motion are solved using the velocity Verlet
algorithm. Our simulation is carried out for 4.8 ps with the time step of 1.2 fs after the
thermal equilibrium state is achieved. The temperatures are 1075 K and 805 K for the
liquid LipgPbg, and LigsPbgs alloys, respectively. The observed densities [3] are used in
our calculation.

3. The structural properties of liquid Li—Pb alloys

3.1. The partial radial distribution functions

The ionic structure of the liquid LiygPbg, alloy is expected to be reflected by that of the
crystalline compound Li;Pb,, whose composition is close to that of Liy gPbg ». The compound
Li;Pb, has a hexagonal structure with nine atoms in the unit cell and there are no Pb—Pb
nearest neighbours; each Pb atom is surrounded by Li atoms only. To investigate the chemical
short-range order in liquid Li—Pb alloys, we obtained the partial radial distribution functions
gLiLi(r), gripp () and gpypy (r) from our simulations for the liquid LiggPbg alloy. It is seen
from figure 1 that the height of the first peak of grip,(r) is relatively large compared with
those for gr;;(r) and gpypp(r). The most characteristic features found in gpyp,(r) for the
liquid Lip gPby, alloy are the absence of the first peak around the Pb—Pb nearest-neighbour
distance 3.2 A and the anomalously high second peak. The absence of the first peak is
consistent with the fact that there are no Pb—Pb nearest neighbours in the corresponding crystal
compound. The position of the second peak, 5.1 A, corresponds to the Pb—Pb distance in the
crystalline compound, dp,—p, = 4.75 A. For these reasons, we conclude that the tendency
towards hetero-coordination seen in the crystalline compound is also found in the liquid
LiO'SPbO_Q alloy.

We also calculated the distribution functions P (n) for the average coordination number
of Li atoms around each Pb atom, which are shown in figure 2 for the liquid LiygPbg, and
Lig sPbg s alloys. P(n) is defined as the probability that each Pb atom has n neighbouring Li
atoms within the first coordination shell of radius 4 A. Though P (4) should be large if there
exists a chemical complex LisPb, the peak of P(n) appears around n = 10-13. Note that, in
the present definition of P (n), the first coordination shell overlaps with that of the adjacent Pb
atoms and therefore P (n) tends to overestimate its value.

From these results we conclude that the chemical complex Li4Pb does not exist in the liquid
Li—Pb alloys, i.e. the stable chemical bonding between Li and Pb ions within the chemical
complex LisPb has not been found in our simulation.

On the other hand, for the liquid Liy sPby s alloy, the first peak around 3.2 A clearly appears
in the partial radial distribution function gpppy(7) as is seen in figure 1; the function has the
form of that of an ordinary liquid, which is in contrast to the case for the liquid Li gPby » alloy.
The position of the first peak » ~ 3.25 A is consistent with that for pure liquid lead.
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Figure 1. The partial radial distribution functions

7 ( A) 8LiLi (1), gLipb (") and gpupy (1) for the liquid Lig sPbo.2
(solid line) and Lig 5Pbg 5 (broken line) alloys.
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Figure 2. The coordination-number
distribution function P(n) of Li ions
0 5 10 15 around a Pb ion for the liquid LipgPbg2

. . . solid line) and Lig sPb, broken line
Pb-Li(4A) Coordination number (1) ;noy& : osPbos € )

3.2. The partial and the total structure factors

To compare the results of our simulation with the neutron diffraction results, we consider the
partial and the total structure factors. The Ashcroft-Langreth (AL) partial structure factors
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S;j (k) are defined by

1 N; Nj )
Sij(k) = ———> etk ) 1
where the {r,} are the positions of ions obtained by our ab initio MD simulations. Here N;
is the number of ions of the ith species and the (- - -) means the time average. In figure 3 the
AL partial structure factors thus calculated are shown for the liquid Liy gPbg, and Lig sPby s
alloys.

2

Figure 3. The Ashcroft-Langreth partial
structure factors Spiri(k), Sripp(k) and
Spupb (k) for the liquid Lig gPby » (solid line)
and Lip 5Pbg 5 (broken line) alloys.

The total structure factor S (k) observed in the neutron diffraction experiment is expressed
by a linear combination of the partial structure factors S;; (k) as

St = (e Pbib; 00 [ 3 it )

ij i
where the ¢; and b; are the concentration and the neutron scattering length of the ith species,
respectively. For the ’Li isotope, b7; = —0.22 x 107'2 cm and for the natural Pb,

bp, = 0.940 x 1072 cm.

In figure 4 we show the calculated total structure factors for the liquid LipgPbg, and
Lig sPbg 5 alloys, which are compared with the observed structure factors [5]. It is seen that
our calculated structure factors are in good agreement with the experimental results. The main
peaks around k >~ 2.6 A1 of StiLi (k) and Sy ;pp (k) shown in figure 3 do not appear in the total
S(k), since the contributions from Sy ;i ;(k) and Sy ;pp (k) to the total S(k) cancel each other, due
to the negative scattering length of the 7Li isotope.

Alternatively, we can also express the total structure factor using the Bhatia and Thornton
(BT) partial structure factors [23] as

S(k) = b*Syn (k) + (bLi — bpy)>Scc (k) + 2b(bri — bpp) Snc (k) / (cLibi; + cpobpy) 3

where the concentration—concentration structure factor Scc (k), the number—number structure
factor Syy (k) and the number—concentration structure factor Syc (k) are related to the AL
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Figure 4. The calculated total struc-
ture factors for the liquid LipgPbg o
and Ligs5Pbg s alloys (open circles).
The results of the neutron scattering
experiment (solid line) [5] are shown
for comparison.

partial structure factors as

Scc(k) = cricpy(cpySiivi (k) + cLiSpopy (k) — 2(cricpy)'/* Stipb (k) 4
Sy (k) = criSuivi(k) + cppSpopy (k) + 2(cLicey) '/ Seipn (k) (5)

and

Snc(k) = cricpy(SLiLi(k) — Spopp (k) + (cpb — i) Stipb (k) /(cLicen) /%), (6)

In general, we need three independent scattering data to obtain the partial structure factors. It
is possible, however, to obtain S¢¢ (k) by a single neutron diffraction experiment for a special
case, i.e. for the so-called ‘zero alloy’. At the composition of LijgPbg, since the neutron
scattering length for the 7Li isotope is negative, the average value of the scattering length b is
very close to zero (l; = cLibLi + cppbpy, = 0.04); for this reason it is called ‘a zero alloy’. In this
case we can obtain S¢¢ (k) from a single neutron scattering experiment, because the first and
the third terms on the right-hand side of equation (3) vanish and, as a result, S(k) is directly
proportional to Scc (k). The calculated Sc¢ (k) and Syy (k) are shown in figure 5, in which
the position of the main peak of Sc¢ (k) is in a lower k-region than that of Syy (k). This is
associated with the tendency towards hetero-coordination, since the position of the first peak
of Scc (k) (Syy (k)) is related to the reciprocal of the distance between the like (unlike) atoms.

The salt-like ordering of Pb ions of the liquid Liy gPby , alloy gives rise to the first peak
around k ~ 1.5 A~! of the observed S(k) or Scc(k). This first peak comes from that of
Spvpp (k) shown in figure 3, since S(k) is expressed as the linear combination of the S;; (k).
The position of the first peak, k = 1.5 A~!, corresponds to the real-space distance r = 5.0 A,
at which the high second peak of gpyp,(r) exists. The second peak results from the tendency
towards hetero-coordination, which is also seen in the crystalline compound Li;Pb, as was
previously mentioned. Such an ordering peculiar to an ionic liquid leads to the characteristic
behaviour of the observed S (k). For the liquid Lig 5Pby 5 alloy, the existence of Pb—Pb nearest
neighbours contributes to the main peak of Spypy (k) at k =~ 2.5 A~! and then to the second
peak of S(k).
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4. The electronic states of liquid Li—Pb alloys

We show in figure 6 the electrical conductivities as functions of the frequency (o (w)) calculated
using the Kubo—Greenwood formula. The extrapolated values o (0) give the DC conductivities.
In figure 7, the calculated resistivities (=1/0(0)) of the liquid Li;_,Pb, alloy are shown
as a function of the composition of Pb, x. The observed composition dependence of the
resistivity [4] shows the sharp maximum at Lig gPbg », which is reproduced qualitatively as is
seen in figure 7. Note that there are some ambiguities in estimating the value of o (0).

Figure 6. The calculated electrical conductiv-
ities o (w) as functions of the frequency w for
the liquid Lip gPbg > (solid line) and Lig 5Pbg 5
(broken line) alloys.

We show in figures 8 and 9 the total and the partial electronic densities of states (DOS),
respectively, which are obtained by sampling 10 k-points of the Brillouin zone and by averaging
over some ionic configurations. The /th component of the partial DOS of the ith species is
calculated by projecting the wavefunctions on the spherical harmonics within a sphere of radius
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where N; is the number of ions of the ith species, ¥, (7) is the wavefunction of «th state
with the eigenvalue €, and Y;,,(€2,,) is the spherical harmonic with the angular momentum /,
which is centred at the uth ion. R, is chosen to be about half of the average nearest-neighbour
distance, on which the partial DOS does not depend significantly. The origin of the energy is
taken to be the Fermi level.

The band ranging from —11 eV to —6 eV, which comes from the Pb 6s states, becomes
wider with increasing number of Pb atoms. This is simply explained by associating it with
the ionic structure: the existence of Pb—Pb nearest neighbours in the liquid Liy sPbg s alloy
leads to the increasing overlap of the wavefunction of Pb 6s states, and gives rise to the wider
energy band. The hybridization of the Pb 6p states and the Li 2s states is seen around the Fermi
level, where the characteristic behaviour is found for the partial DOS of the Pb atom, i.e. the
considerable decrease of the electronic states for the Liy gPbg, alloy.

Because of the large difference in electronegativity between Li and Pb atoms (the electro-
negativity on Pauling’s scale is 0.98 for the Li atom and 2.33 for the Pb atom), their mixture has
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Figure 9. The partial densities of states for
the liquid Lig gPbg > (solid line) and Lig 5Pbg 5

(broken line) alloys. The origin of energy is
Energy (CV) taken to be the Fermi level.

been expected to have an ionic character, i.e. some degree of electronic charge transfer from Li
atoms to Pb atoms. Asis shown in figure 7, the observed resistivity shows anomalous behaviour
at the ‘stoichiometric’ composition of Liy gPby >, which is considered to be the most favourable
composition for the ionicity from the point of view of achieving a complete electron transfer
and construction of the closed shell of the Pb atom. We investigate the ionicity of the liquid as
follows: figure 10 shows the ‘difference’ of the electron-density distribution p (r) for the ionic
configuration of the liquid Liy gPby, alloy from the electron-density distribution obtained by
the linear combination of the atomic valence-electron-density distribution p,om (1), calculated
from

Ap(r) = p(r) =Y puom (T — 7)) ®)
"

where 7, is the position of the uth atom of the corresponding ionic configuration shown in
figure 10. The blue region means Ap(r) < 0 and the red one means Ap(r) > 0. When the
ions are on the plane where the electron-density distribution is calculated, the core regions
are shown by black holes since Ap(r) < 0 and |Ap(7)| <K po in those regions, py being the
average electron density. It is seen that the regions around Li ions are dominated by the blue
region, while those around Pb ions are dominated by the red region. This means that the charge
transfer occurs from Li atoms to Pb atoms. Such a salt-like bonding between Li and Pb ions
is closely related to the ionic hetero-coordination of the liquid Li—Pb alloy [5].

However, the purely ionic description for the liquid LiggPbg, alloy is an over-
simplification: its character is in between the character of a liquid metal and that of an ionic
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Ulshell

Figure 10. The difference of the electron-density distribution for the ionic configuration of the liquid
LipgPbg alloy from the linear combination of the atomic valence-electron-density distribution.
The Li and Pb ions are drawn as blue and red balls, respectively.

liquid. In fact, the value of the observed resistivity (p = 470 © 2 cm) for the liquid Lig gPbg »
alloy is in the metallic region. It is understood from our electronic structure calculations that
the charge transfer from Li to Pb atoms is not so large as is seen from the occupied partial DOS
of the Li atom shown in figure 9. The electron-density distribution obtained by the present
calculation indicates that a considerable number of valence electrons remain around Li ions.
It may be said at least that Li atoms ‘partially’ transfer their valence electrons to Pb atoms.

We now consider why the maximum of the electrical resistivity appears at the composition
Lig gPbg . The quantitative estimation of the electronic charge transfer cannot be well defined,
since the electronic charge is not well localized around the ions and rather spreads spatially.
We focus on the behaviour of the wavefunction near the Fermi level, since the electronic states
near the Fermi level give the main contribution to the conductivity. The electronic charge
density calculated from the wavefunctions near the Fermi level is defined as

po(r) = DY) (r) ©)

where )" means that the summation of the states « is taken over ten states below the Fermi
level. We show in figures 11(a) and 11(b) thus-defined electronic charge distributions for
the liquid LiggPbg, and LipsPbgs alloys, respectively. It is seen from this figure that the
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(b)

Figure 11. The electronic charge-density distribution calculated from the wavefunctions near the
Fermi level for the liquid (a) Lip sPbg .2 and (b) Lig sPbg 5 alloys.
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wavefunction for the liquid Lig gPby » alloy is more localized than that for the liquid Lig sPby s
alloy. We conclude that the maximum of the resistivity at the composition of LiggPbg; is
closely related to the localization of the wavefunction as well as the decrease in the number of
electronic states around the Fermi level.

5. Summary

We have carried out ab initio molecular dynamics simulations for liquid LipgPbg, and
Lig 5Pby 5 alloys in order to investigate the composition dependence of the ionic configuration
and the electronic states.

As regards the structural properties, we have clarified that the chemical short-range order
observed as the first peak of the total structure factor for the liquid Lij gPby » alloy comes from
charge ordering, which is clearly seen in the concentration—concentration structure factor.

The peak of the observed electrical resistivity at the composition of LiygPby, can be
understood on the basis of the dip at the Fermi level of the electronic density of states and the
localized nature of the wavefunction with the energy eigenvalue near the Fermi level.
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