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Abstract. Ab initio molecular-dynamics simulations are carried out for liquich pRly > and

Nag 5Py 5 alloys to investigate the ionic structure, the electronic states and especially the existence
of the so-called ‘Zintl ion’ Pﬁf and the chemical complex y&b. In our simulation, the existence

of these chemical units is not confirmed, but rather the intermediate-range ordering of Pb ions
is seen in the liquid NgsPhy 2 alloy. It is found from the calculated partial and total structure
factors that this ordering of Pb ions leads to the first sharp diffraction peak of the total structure
factor, which agrees well with the results of the neutron diffraction experiment. The composition
dependence of the electronic states is explained on the basis of the ionic configuration. A 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 variety of liquid alloys, the liquid-alkali—Pb alloys are well known as compound-
forming liquid alloys, in which structural properties, thermal properties and the electrical
resistivity show characteristic behaviours near ‘stoichiometric’ compositions [1-5]. The
primary observation is the shift of the position of the resistivity maximum from approximately
20% Pb to 50% Pb when going from Li—Pb to K-Pb [6]. The liquid Li—Pb alloy has been studied
extensively, and the existence and the stability of the so-called ‘octet compoujieb(tluster)

were suggested [7], while the existence of théﬂbtrahedron, a so-called ‘Zintl ion’ [8] was
assumed for the liquid K—Pb, Rb—Pb and Cs—Pb alloys. The liquid Na—Pb alloy studied in this
paper has been considered to be a transition case between Li—-Pb and K—Pb [9].

The crystalline compound NaPb includes tetrahedré’r Riusters separated from each
other by the Na atoms, which is the same structure as the NaSn compound has, while the
compound NaPh, which is close to the octet composition has such a structure that Pb atoms
are surrounded only by the Na atoms. For the liquid Na—Pb alloy, the anomalously large
electrical resistivity, the negative entropy of mixing and the first sharp diffraction peak (FSDP)
of the structure factor were observed at the composition gl » [10,11]. To explainthese
experimental results, a variety of models assuming the existence of a chemical complex in the
liquid have been proposed. The structure factor of the liquid Na—Pb alloy was calculated using
the formula for a three-component hard-sphere system [12], on the basis of the assumption
that the liquid Na—Pb alloy is a mixture of Na, Pb and;Rla [13, 14], as was assumed for
the liquid Li—Pb alloy [7]. On the other hand, assuming the existence 3)1 Fltrahedra in
the liguid Na—Pb alloy as was done for liquid K—Pb, Rb—Pb and Cs—Pb systems, a classical
molecular-dynamics simulation was carried out [8], in which the Pb atoms are arranged in
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regular tetrahedra, while the Na atoms were assumed to be monovalent, positively charged
ions. These calculated structure factors appeared to agree fairly well with the observed ones,
though the existence of the chemical complexRaor the Pﬁ)‘ tetrahedron has not been
directly confirmed yet.

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 [15]. Recertlyinitio MD simulation has been
applied to several liquid alloys [16—18], and contributed to a better understanding of those
liquid alloys. Theab initio MD simulation of the liquid CgsPhy 5 alloy was carried out by
de Wijset al [17] and it was shown that the remnants of thé?tetrahedra which exist in
the solid state were found, though most of them were destroyed, and more complex structures
were present. Quite recently, Seifettal [18] appliedab initio MD simulation to the liquid
Na-Sn alloys for five compositions. They showed that the Zintl ios auld not be found
and that Sn ions form a dynamic network structure in the liquigld$ay, 5 alloy. For the liquid
NaggSmy» alloy, only isolated Sn atoms or dimers exist, in contrast to the suggestion of the
existence of the ‘octet compound’ lén as in the case of liquid YaPh > alloy.

In this paper we applgb initio MD simulation to liquid NagPhy > and Na sPhy 5 alloys.

The purposes of this paper are (1) to investigate the composition dependence of the chemical
short-range order and the electronic states, (2) to provide a microscopic interpretation for the
observed characteristic features and (3) to clarify the origin of the first sharp diffraction peak.

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

2. Method

To study the structure and the electronic states of liquid Na—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 [19, 20] and calculate the electron density and the forces acting on ions based on
the Hellmann—Feynman theorem. We use the norm-conserving pseudopotential proposed by
Troullier and Martins [21] for both Na and Pb atoms. The Pb pseudopotential is generated
from the scalar-relativistic atomic calculation [22]. The non-local part is calculated using the
Kleinman—Bylander separable form [23]. The exchange—correlation energy is calculated in
the local-density approximation [24,25]. The partial-core correction [26] is taken into account
in order to guarantee the transferability of the pseudopotentials employed. The fractional
occupancies of energy levels are introduced in order to ensure the convergence of the electronic
states of metals. The wavefunction, sampled at onlylth@oint of the Brillouin zone, is
expanded in plane waves and their cut-off energy is 10 Ryd, which is determined so as to
converge the total energy to within 1 mRyd/electron.

In our calculations, we use a cubic supercell and the periodic boundary condition is
imposed. The total number of atoms in the supercell is taken to be one hundred and the
volume of the supercell is determined using the observed densities of the liquid alloys. The
side of the cubic cell is about 15 A. As an initial configuration, Na and Pb atoms are randomly
arranged on the simple cubic lattice.

A constant-temperature MD simulation is carried out using theeNB®over thermostat
technique [27, 28]. The classical equations of motion are solved using the velocity Verlet
algorithm. Our simulation is carried out for 3.6 ps with the time step of 2.4 fs and at the
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temperature of 700 K, which is above the liquidus temperatures 659 K fggMg, and
645 K for NaysPhy 5.

3. Results and discussion

3.1. Structural properties

3.1.1. The ionic configuration. In figures 1(a) and 1(b) we show snapshots of ionic con-
figurations obtained by owb initio MD simulation for the liquid NggPly> and NasPhy s
alloys, respectively. For the liquid YaPhy» alloy, it is seen from figure 1(a) that the Pb ions

(b)

Figure 1. Snapshots of ionic configurations for the liquid (a)NBlp 2 and (b) Na sPly 5 alloys.
Pb and Na ions are shown as black and white balls, respectively. The Pb—Pb bonds are drawn for
Pb-ion pairs within the cut-off distance of 4.0 A.
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displayed as black balls form small clusters, while some Pb ions exist as isolated ions. The
bonds between Pb ions are drawn for Pb-ion pairs with separations less than 4 A, which is
the radius of the first coordination shell g§,pyr) as will be shown in figure 3—see below.
During the simulation, the tetrahedral Zintl ionPhdid not survive as a stable cluster, i.e. the

Pb tetrahedra broke down for a short time and turned into dimers or trimers. For the liquid
NagsPhy 5 alloy, a network of Pb ions is formed as is seen from figure 1(b) and no Zintl ion
was observed as asolatedcluster as is seen for the crystalline NaPb compound within our
simulation. It is interesting to note that the characteristic features of the ionic configurations
obtained for the liquid NggPhy > and NasPhy 5 alloys are very similar to those obtained for

the liquid Na—Sn alloys [18], except for the occurrence of the stable dimers $me liquid
Nag.gSmy 2 alloys.

We show the trajectory-averaged Pb—Pb—Pb and Na—Pb—Na bond-angle distributions in
figure 2. As is seen in the Pb—Pb—Pb bond-angle distribution, there is only a low small peak
at 60 for the liquid Ng gPhy, alloy, which is consistent with the absence of thé‘P,tand
there is a high peak at 6@or the liquid Na sPky 5 alloy, which corresponds to the fact that
there exist many fragments of j’bin the network structure as is seen in figure 1(b). From
the Na—Pb—Na bond-angle distribution, we cannot find any indication for the existence of the
compound NgPb, since there is no peak at 209

In figure 3 we show the partial radial distribution functigRgna(r), gnapdr) andgpppdr)
calculated for the liquid NgsPhy > and Na sPhy s alloys. The average coordination numbers,

i.e. the average numbers of ions of ttik species around an ion of tith species, are estimated
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Figure 2. The bond-angle distributions for the liquid Figure 3. The partial radial distribution functions for
NaggPly2 (full curve) and NasPhys (broken curve) the liquid Na gPhy 2 (full curve) and Ng sPhy s (broken
alloys. curve) alloys.
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Table 1. The average coordination numbers.

NaggPn2  NagsPhys

Na atoms around an Pb atom 5.0 3.6
Pb atoms around an Pb atom 1.2 4.5
Na atoms around a Na atom 5.2 3.7

from the formula
ij/ ’j4nr2g,-j(r) dr
0

wherep; is the number density of atoms of thiéh species and;; the first-peak position of
theg;;(r). The average coordination numbers thus estimated are shown in table 1. It should
be noted for the liquid NgsPhy 2 alloy that the first minimum and the second peak of the
gpppyr) are relatively deeper and higher, respectively, as compared with typical partial radial
distribution functions for ordinary liquid binary alloygpppyr) for the liquid Na sPhy 5 alloy

has a standard form.

T T T
; n T Eeor(”)
L ‘.\ intra-cluster|
Iy inter-cluster]
T4 | gnapn()
et !

Figure 4. The contributions tgpppyr) (broken curve) for the liquid NgsPhy 2 alloy from the
intra-cluster correlation of Pb ions (solid curve) and from the inter-cluster correlation of Pb ions
(dotted curve) gppna(r) is also shown by a dashed—double-dotted curve.

To explain the characteristic featuresgpfpyr) for the liquid Na gPhy 2 alloy shown in
figure 3, we show in figure 4 the two contributionsggryr) from the correlation of Pb ions
within the cluster ifitra-cluster) and from that between the clustensg-cluster). Here, we
define a cluster as the unit of Pb atoms which are connected with bonds as shown in figure 1.
gnapp(r) is also shown in figure 4. It can be seen from figure 4 that the first pegk,pfr)
is dominated by the intra-cluster correlation of Pb ions, while the high second peak at around
r = 6 A comes from the inter-cluster correlation of Pb ions. The average coordination number
of Pbions around a Pbion is about one, which means that there are not so many Pb clusters and
the clusters are very small ones, as is seen from figure 1(a). Itis also seepafigm) shown
in figure 4 that a considerable number of Na ions are located in the region of the first minimum
of gpppyr), Which is consistent with the fact that there are small Pb clusters separated by the
Na ions, as shown in figure 1(a). Such an intermediate-range ordering of Pb ions reflects on
the characteristic features g pyr) for the liquid Ng gPhy » alloy.

3.1.2. The structure factor. To discuss the short- or intermediate-range ordering of Na and Pb
ions, it is useful to investigate the concentration—concentration structure fagt@r), which
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is defined by

Scc (k) = enacpolcpbSnana(k) + cnaSpopdk) — 2(cnacpb) ™% Snap(k)] 1)

wherec; is the concentration of thigh species an@nana(k), Spppyk) andSnapy(k) are partial
structure factors in the Ashcroft-Langreth (AL) form. We have calculated the AL partial
structure factors;; (k) defined by

N N
k-(r,—r,
® =, N)l/2 <MZ“Z€ ' )> @
using the positions of iongr,} obtained by oufab initio MD simulation. HereN; is the
number of ions of théth species and the brackdts -) mean the time average.

Figure 5 shows the AL partial structure factors calculated for the liquigRl > and
NagsPhy s alloys. There is a prepeak on the lawside of the main peak dfpppyk) for the
liquid NaggPhy» alloy. The position of the prepeak is at~ 1.2 A-1 | which corresponds,
using the rule of thumkr = 7.7 [9], to the distance ~ 6.0 A. This distance coincides with
the position of the second peakgfupyr), which means that the intermediate-range ordering
of Pbions gives rise to the prepeak of 5igpg k). On the other hand, for the liquid hgPky 5
alloy, such an intermediate-range correlation of Pb ions is not clearly seSppriftk) as well
as ingpppyr).
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Figure 5. The Ashcroft-Langreth partial structure Figure 6. The concentration—concentration structure
factors for the liquid NagPhp, (full curve) and factors for the liquid NagPhyo (full curve) and
NagsPhy 5 (broken curve) alloys. NagsPhy 5 (broken curve) alloys.
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The Scc (k) for the liquid Na gPhy > and NasPhy s alloys are shown in figure 6. There
is a peak ak ~ 1.2 A=, which is due to the prepeak Sbypyk) for the liquid NagPhy»
alloy shown in figure 5. The concentration—concentration correlation indicated by this peak is
closely associated with the characteristic feature of the ionic configuration; the Pb clusters are
separated by the Na ions as was mentioned before.

The total structure factor observed by means of the neutron diffraction is expressed as a
linear combination of the AL partial structure factdig(k):

cNab3aSnana(k) + 2,/cNacppbNabpbSnark) + cppb3,Spopdk) 3)
cNabRia + cPbbBy

whereb; is the neutron scattering length of thié speciespna = 0.363 x 10712 cm and
bpp = 0.940 x 10~'? cm. TheS(k) thus obtained for the liquid NaPhy» and NasPhys
alloys are compared with the experimental results obtained by the neutron diffraction [11] in
figure 7. Our results are in very good agreement with the obseftedand the composition
dependence of the FSDP of thié&) is especially well reproduced, i.e. the height of the FSDP
is highest for the liquid NggPhy > alloy. It is obvious from equation (3) and from the partial
structure factors;; (k) shown in figure 5 that the most dominant contribution to the FSDP is
due to the prepeak of the partial structure facigypyk). As was mentioned previously, this
prepeak comes from the intermediate-range ordering of the Pb ions; therefore we can conclude
that the FSDP is a result of such an ordering of the Pb ions. The height of the observed FSDP
becomes lower for the liquid NaPhkys alloy, which is consistent with our result that the
intermediate-range correlation of Pb ions is not clearly seen for the liqujgtas alloy.

The broad peak at arourid= 4.0 A1 of S(k) for the liquid NagPhy, alloy shown
in figure 7 comes from the difference in the second-peak positioS{pf(k) and Spppyk)
shown in figure 5. This peak, on the other hand, becomes the ordinary one for the liquid
NagsPhy s alloy, since the contribution ofnana(k) to S(k) decreases with decreasing Na
concentration and only the second peakSpfpyk) is emphasized ir§(k) for the liquid

T N 7 T T N T T i
0 Calculation
2L n - Experiment -
il (Takeda et al.)
1k
-~y
S’
%]
0k
i I — : ’ :
0 1 2 4 5 6

3
k(A

Figure 7. The total structure factors for the liquid blgPhy 2 and Nag sPhy s alloys compared with
the results of the neutron scattering experiment [11].
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NagsPhy 5 alloy; the ratios of the coefficients fdfyana(k) and Spppyk) in equation (3) are
as follows: cnabg,/crob3, = 0.60 for NaygPhy, and Q15 for NaysPhy s alloy, and therefore
the contribution ofSyana(k) to S(k) is relatively small in the latter.

3.2. Electronic properties

3.2.1. The electronic density of stated/Ve show in figures 8 and 9 the total and the partial
electronic densities of states (DOS), respectively, which are obtained by samplinpdérts

of the Brillouin zone and by averaging over some ionic configurations./fir@mponent of

the partial DOS of théth species is calculated by projecting the wavefunctions on the spherical
harmonics within a sphere of radig centred at eachth atom of theth species, the position

of which isr,, as follows:

N;

I R
Di(e) = ZZ Zfo 7 — 7, dir — 7,

n=1 o m=—

2
S(e — ea)/N,-

/ Y () Ve (r) dS2,

(4)

whereN; is the number of ions of thi¢h speciesy,, is the wavefunction of theth state which
has the eigenvalue, and theY;, (€2,,) are spherical harmonics with an angular momentum
[, which is centred at thath ion. R is chosen to be about the half of the average nearest-

Na, gPby,

o8 Nay sPby 5 1

Na partial DOS (states/eV/atom)

0.6- J
S s state b
(1%, p state

g Na, ¢Pby,
g i :
= >
g OvQ H T T %
2 g o
= 0.6- — NaygPby | k2
o P ‘
8 Nag sPbg s 8 I T
«
£ 04 = Na, sPby 5
N ptard 1_ -
@2 5
3 &
202 £ .4 ~
?3 vii
g -
-5 10 s
Energy (eV) Energy (eV)

Figure 8. The total densities of states for the liquid Figure 9. The partial densities of states for the liquid

Nap.gPly2 and Na sPhy s alloys. NapgPly2 and NasPhys alloys. The decompositions
of the partial DOSs into s (broken curve) and p (dotted
curve) components are shown for Na in the upper two
panels and for Pb in the lower two panels.
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neighbour distance, on which the partial DOS does not depend significantly. The origin of the
energy is taken to be the Fermi level.

The electronic states at arour@ eV come from the Pb 6s states and those abé&veV
come from the hybridization of the Pb 6p and the Na 3s states. As is seen from figure 8, the
bands become broader as the concentration of Pb atoms increases. The partial DOS of Pb
decreases rapidly around the Fermi level for the liquid d¥d, » alloy, though the total DOS
around the Fermi level does not depend so much on the composition.

The electronic states are closely related to the ionic configuration. Asis seen from figure 1,
there are small clusters of Pb ions as well as isolated Pb ions in the liquigPRga alloy,
though there exists a large network of Pb ions in the liquid Jfdy, 5 alloy. Therefore the
overlap of the wavefunctions of Pb is smaller in the former than in the latter and, as a result,
gives rise to narrower energy bands in the former. This tendency is more evident for the lower
band because it mainly comes from the Pb 6s states. In the upper band dominated by the
hybridization of the Pb 6p and the Na 3s states, the centre of mass of the energy band shifts to
the lower energy as the Pb concentration increases, since the energy level of the Pb 6p state is
lower than that of the Na 3s state.

The DOSs obtained by oab initio MD simulation for the liquid NagPly 2 and Na sPhy 5
alloys are similar to those for the crystalline compoundgRE, and NaPb, respectively, which
were calculated by Tegze and Hafner [29] using the linear muffin-tin orbital method. They
showed that the electronic structure is dominated by the strong attractive Pb potential at all
compositions and that the bandwidth becomes broader as the volume per Pb atom decreases.
The observed excess volume per atom is negative with a strongest relative deviation at the
composition close to that of the liquid BlgPly 5 alloy, in which the volume per Pb atom can
be estimated to be smaller than that of the liquicg dRty > alloy. The characteristic feature
seen for the crystalline-alkali-Pb compound is found also for the liquid alloys.

3.2.2. Charge transfer. Because of the large difference in electronegativity between Na
and Pb atoms (the electronegativity on Pauling’s scale is 0.93 for Na atoms and 2.33 for Pb
atoms), their mixture has been expected to have anionic character, i.e. to show some amounts of
electronic charge transfer from the Na atom to the Pb atom. Experimentally, physical properties
show anomalous behaviour at the ‘stoichiometric’ composition @fgR& 2, which has been
considered to be the most favourable composition for the ionicity from the point of view of
complete electron transfer and construction of the closed shell of the Pb atom. The classical
MD simulation for this liquid alloy [8], as was mentioned in the introduction, was carried out
using the ionic model, assuming that one electron is transferred from a Na atom to Pb atoms.
From our study we found that the liquid héPhy > alloy is not as ionic as was expected;
e.g. the charge transfer from Na to Pb atoms is not so large as is seen from the occupied partial
DOS of the Na atom shown in figure 9. The electron-density distribution obtained by the
present calculations indicates that considerable numbers of valence electrons remain around
Na ions. However, these do not indicate the absence of ionicity. We investigate the ionicity
of the liquid as follows: figures 10(a) and 10(b) show the ‘difference’ of the electron-density
distributionp () for the ionic configuration shown from the sum of the atomic electron-density
distributionspaom(r) for liquid Nag gPhy 2 and Na sPhy 5 alloys, respectively, calculated from

Ap(r) = p(r) = Y paon|T — 7)) (5)
"

where ther,, is the position of the.th atom of the corresponding ionic configuration shown
in figures 10(a) and 10(b). The blue region gs(r) < 0 and the red one hasp(r) > 0.
When the ions are on the plane where the electron-density distribution is calculated, the core
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Figure 10. The electron-density distributions for the ionic configurations of the liquid (aRky 2
and (b) NasPhy s alloys. The Na and Pb ions are shown as blue and red balls, respectively.

regions are shown by black holes, sintg(r) < 0 and|Ap(r)| < po in those regionspg
being the average electron density.

It is seen that the regions around Na ions are dominated by blue regions, while those
around Pb ions are dominated by red regions. This means that the charge transfer occurs from
Na atoms to Pb atoms. It is seen from figures 10(a) and 10(b) that the charge transfer occurs
in both liquid Na gPhky2 and NasPhy s alloys. The quantitative estimation of the electronic
charge transfer, however, cannot be well defined, since the electronic charge is not so localized
around the ions and rather spreads spatially. It may be said at least that the Na atoms ‘partially’
transfer their valence electrons to the Pb atoms.

This ionicity leads to some kind of charge ordering. The prepedcirk) in figure 6
indicates that the positively charged Na cations are located between the negatively charged Pb
clusters, though this ordering is, of course, different from that of a typical ionic liquid such as
molten salt, NaCl~.

4. Conclusions

We have carried out aab initio molecular-dynamics simulation for the liquid jg#Phy > and
NagsPhy s alloys to investigate the ionic structure, the electronic states and especially the
existence of the Zintl ion Ff{b or the compound Ngeb. It is shown that these chemical units

are not clearly seen as isolated chemical units, but rather the intermediate-range ordering of
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(b)

Figure 10. (Continued)

Pb ions is seen in the liquid NgPhy, alloy. It is found from the detailed analysis of the
partial structure factors that this ordering of Pb ions comes from the correlation between the
small clusters. Our calculations can quantitatively reproduce the total structure f8@tprs
observed by the neutron diffraction experiment and especially the composition dependence of
the FSDP ofS (k). We found that the intermediate-range ordering of Pb ions leads to the FSDP
of the total structure factor. The composition dependence of the electronic states is explained
on the basis of the ionic configuration. The tendency towards becoming an ionic liquid is
seen in both liquid alloys, though the valence-electronic charge distribution is not so localized
around the ions.
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