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Structural and electronic properties of crystalline and molten Zintl phases: The Li-Ga system
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We present a theoretical investigation of the structural and electronic properties of crystalline and
molten Li-Ga alloys. The atomic structure of the liquid phases is determined by molecular dynamics,
based on pseudopotential-derived interatomic forces. The electronic structure is calculated using the
linear-muffin-tin-orbital (LMTOj method for the crystalline compounds LiGa, Li,Ga2, and Li,Ga, and
using an LMTO-supercell approach for several liquid alloys. Our results demonstrate the validity of an
extended Zintl principle. The bonding is dominated by the attractive potential of the Ga ions and may
be described at least formally in terms of an electron transfer from Li to Ga. The atomic structure of the
Ga sublattice in the crystalline compounds and the short-range Ga-Ga correlations in the melt, as well
as the electronic structure, are found to be Ge-, As-, and Se-like with increasing Li concentration and an
increasing number of electrons per Ga atom.

I. INTRODUCTION

Since their discovery by Zintl and co-workers, ' the in-
termetallic compounds of the alkali metals with the po-
lyvalent elements from groups IIIB to VB of the Periodic
Table have attracted the interest of physicists and chem-
ists because of their outstanding structural and electronic
properties. Intuitively, one would expect a predominant-
ly ionic bond as a consequence of the large electronega-
tivity difference between the constituent elements. How-
ever, it was pointed out already by Zintl' that the real
structures are far more complex: many of the stable
phases have no simple anions, but rather polyanionic
clusters or infinite anion sublattices. The atomic arrange-
ment in these anionic complexes corresponds to the ele-
ment having the same number of valence electrons.
Hence, at least three different types of compounds are en-
countered in these systems: saltlike compounds, po-
lyanionic cluster compounds, and intermetallic phases.
Recent investigations have demonstrated that the saltlike
and the clustered compounds exist even in the liquid
state. Evidence comes from electronic transport mea-
surements ' that indicate a transition from a metallic
conductivity to a semiconducting behavior in a narrow
concentration range around the composition of the com-
pound, and from diffraction experiments that demon-
strate that the local order is very similar in the crystalline
and in the liquid phases. Further evidence comes from
thermodynamic investigations. ' For the theorist, the
challenge is to explain the structure and the bonding
properties of the crystalline phases, and to predict which
of these phases will also exist in the liquid state. This pa-
per is the first in a series devoted to this problem.

The situation is relatively clearcut for alloys of the al-
kali metals with a tetravalent element. All three types of
compounds are found: Saltlike compounds close to the
octet composition A&X ( 2 =alkali metal, X=Si, Ge, Sn,

or Pb) are the most stable phases in the Li-X system.
Electronic-structure calculations" show that a narrow
gap separates the occupied anion bands from the lowest
empty cation band. Equiatomic cluster compounds AX
with X4 tetrahedra are the most stable compounds
formed by the heavy alkali metals K, Rb, and Cs (note
that, according to the Zintl principle, ' the X4 clusters
are isoelectronic and isomorphic to the pnictide mole-
cules). For these compounds, the Fermi level falls into a
gap which originates from the splitting of bands which
are bonding and antibonding within the anion tetrahe-
dra, " ' and this explains their semiconducting behav-
ior. Finally, there are also Pb-rich metallic compounds
with crystal structures dominated by geometrical packing
requirements (e.g. , NaPb3: AuCu3 type, KPb2. MgCu2
type). The octet and cluster compounds also exist in the
liquid state. ' ' ' This indicates that the iono-covalent
bonding properties are largely unaffected by the break-
down of translational symmetry.

The alloys of the alkali metals with the pentavalent ele-
ments show a more complex behavior. Again, one finds
the three types of compounds postulated by Klemm:
saltlike A 3X compounds with the BiF3 and AsNa3 struc-
tures, equiatomic cluster compounds AX with either the
LiAs or the NaP crystal structure (here the polyanionic
clusters are spiral chains of pnictide ions corresponding
to the chains in trigonal Se and Te), and metallic com-
pounds AX2 typically with a Laves phase structure (see,
e.g., Villars and Calvert' and Schnering et al. ' ). The
electronic properties of the octet compounds' ' conform
with the picture of charge-transfer compounds which
works so well for the I-IV compounds. In the liquid
phase, the stable octet compounds formed by Li, Na, K,
and Rb with Bi, and by Cs with Sb persist in the liquid
state, ' ' ' but there is no indication for a liquid com-
pound corresponding to crystalline Cs3Bi. In liquid Cs-
Bi, a metal-nonmetal transition occurs at a composition
of 40 at. %%uoBi, an dstron gconductivit yanomalie sa t this
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composition are also observed in liquid Rb-Bi and K-Bi
alloys. ' The metal-nonmetal transition at 40 at. % Bi
has been attributed to the formation of broken Bi chains:
thermal disorder breaks the infinite chains that exist in
the crystalline cluster compounds and excess alkali atoms
are needed to provide the electrons necessary to saturate
the dangling bonds of a chain segment. 9' ' ' Such chain
segments could also exist in the structurally unresolved
A3X~ and A~X4 compounds. Hence, the simple picture
of structures persisting through the melting point, which
is so useful in rationalizing the properties of the liquid I-
IV alloys, seems to break down here. The reason is prob-
ably that infinitely extended polyanionic chains cannot
subsist in the liquid phase.

A similar situation has to be expected for the alloys of
the alkali metals with the group-III elements. Here the
difference in valence is too small to stabilize an octet
compound. According to the Zintl principle, the cluster
compound has an infinite anion sublattice which is iso-
structural and isoelectronic to the diamond lattice of the
elemental semiconductors. Modern electronic structure
calculations largely support Zintl's' and Huckel's
conjectures of a covalent sp -type bond between the
trivalent metal atoms. However, the large volume
contractions observed for the I-III Zintl phases
(b, V= —29% for LiGa, b, V= —

15%%uo for LiA1) should
serve as a caveat that this is not simply an ordinary co-
valent bond. The question is then whether the atomic ar-
rangement in the liquid is also dominated by the covalen-
cy of the bond. For the elemental and compound semi-
conductors it is known that melting destroys the sp hy-
brids in the case of the elements and III-V compounds
(the liquid phase is metallic with a free-electron-like den-

sity of states at the Fermi level), ' whereas the II-VI
compounds show a tetrahedral coordination even in the
liquid state. Recently several physical properties of mol-
ten I-III alloys have been investigated. Knight-shift and
magnetic-susceptibility measurements indicate a substan-
tial charge transfer. ' Resistivity values of the liquid
alloys of Li or Na with group-III metals are compatible
with a free-electron regime, whereas alloys of (K, Rb, Cs)
with group-III elements are definitely within the strong-
scattering regime. ' Diffraction experiments have been
performed only for liquid Li-Ga (Ref. 36) and for Na-Tl
(Ref. 37) alloys. The results show a pronounced prepeak
whose position relative to the main peak is intermediate
between that found in octet and in cluster
compounds. The prepeak is more intense in the alkali-
metal-rich range than at equiatomic composition
again this is not directly compatible with a short-range
order in the liquid that is directly related to the structure
of the crystalline Zintl compound.

In this paper we present a theoretical investigation of
the structural and electronic properties of crystalline and
liquid I-III alloys using as an example the Li —Ga system.
We report self-consistent electronic-structure calculations
for the crystalline intermetallic compounds, molecular-
dynamics simulations of the atomic structure of the
liquid alloys (based on interatomic interactions deduced
from pseudopotential theory), and supercell calculations
of their electronic structure.

II. ELECTRONIC STRUCTURE
AND BONDING IN CRYSTALLINE

Li-Ga COMPOUNDS

A. Phase diagram and crystal structures

The phase diagram of the Li-Ga system as determined
by Itami et al. is shown in Fig. 1. The five intermetallic
compounds fall into two distinctly different classes: The
Zintl-phase LiGa and the Li-rich compounds Li3Gaz and
Li2Ga crystallize in ordered variants of a distorted body-
centered-cubic packing (the crystallographic data are
summarized in Table I), with eight nearest and six next-
nearest neighbors. In Li2Ga each Ga atom has two
nearest Ga neighbors at a distance of d=2. 632 A. The
Ga atoms form infinite zigzag chains with a bond angle of
8= 112.6' [Fig. 2(a)]. In Li3Gaz, each Ga atom has three
like neighbors at d=2. 674 A. The Ga chains of the
LizGa structure are now linked in such a way that the Ga
atoms form layers of puckered six-membered rings with a
Ga-Ga-Ga bond angle of 8=109.5' [Fig. 2(b)]. In the
NaT1-type LiGa phase, these six-membered rings are
finally joined together in such a way that the diamond-
type sublattice of Ga is formed [Fig. 2(c)]. The Ga-Ga
distance in the Zintl phase is d =2.663 A, the bond angle
of 0=109.5' is the same as in the Li3Ga2 phase. Ga zig-
zag chains are also found in the metastable P phase of Ga
formed by crystallization from the supercooled melt. '

Note that the intrachain distances in P-Ga (d =2.688 A,
8=103.4 ) are larger than in any of the Li-Ga com-
pounds. The short Ga-Ga distances, together with the
large volume contraction (b, V varies between —24% and
—29%, see Table I) is a hint to strong chemical bonding
effects in these compounds.

The Ga-rich compounds are of an entirely different
character. Like many alloys of Ga with the heavy alkali
metals ( AGa7, A =Rb, Cs; 3 Ga3, A =K, Rb), Li3Ga, ~

contains Ga icosahedra. " In Li3Ga, ~, each icosahedron
is directly linked to six adjacent homologs and the

T (K)

1000

400

FIG. 1. Li-Cxa phase diagram (after Itami, Shimoji, and van
der Lugt, Ref. 38).
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TABLE I. Crystallographic description of the bcc-based Li-Ga phases.

Li,Ga'
Space group D2I, -C,

a =4.562 A
b=9.542 A
c=4.364 A
Atomic volume V„=15.83 A
Excess volume hV„=—23.9%

Ga
Li(1)
Li(2)

(4c)
(4c)
(4c)

Atomic positions

0.0763
0.757
0.412

1

4
1

4
1

4

Space group D3&-R 3m

a =4.367 A
c=13.896 A

0 3
Atomic volume V„=15.30 A
Excess volume b, V„=—26.0%

Ga
Li(1)
Li(2)

Li3Ga2'

(6c)
(3a)
(6c)

Atomic positions

0.8013
0
0.405

Space group 0 -Fd3m

a=6. 150 A

0 3
Atomic volume V„=14.53 A
Excess volume 5V„=—29.0%

'After Ref. 39.
After Ref. 19.

Ga
Li

LiGa

(8a)
(8b)

Atomic positions

remaining vertices are connected to neighboring icosahe-
dra via isolated Ga atoms. Hence, Ga is six-coordinated
with five neighbors forming a Oat pentagonal pyramid
and one extra perpendicular bond, as in the icosahedral
structure of a-boron (note that there is also a Li3B,4
compound with a structure closely related to Li3Ga, 4).

0 ~ 0

Li2Ga

(cj

=[110)

LI3QQ2

tri

LiGa

FIG. 2. Comparative view on the crystal structures of (a)
Li2Ga (b) Li3Ga&, and (c) LiGa. Solid circles, Ga; open circles,
Li. Large circles represent atoms in the plane, smaller circles
atoms above or below the plane. After Muller and Stohr, Ref.
39.

Unlike the Li-rich compounds, Li3Ga, 4 shows only a
modest volume contraction of b, V= —3.8% (Table II).

B. Electronic structure

We have performed self-consistent electronic structure
calculations for the Li-Ga compounds using the linear-
ized muon-tin-orbital method in the atomic sphere ap-
proximation (LMTO-ASA). ' We used a scalar relativ-
istic wave equation, exchange and correlation are de-
scribed by the local density-functional parametrization of
von Barth, Hedin, and Janak. The Brillouin-zone in-
tegrations for the electronic density of states (DOS) have
been performed using the linear tetrahedron technique.
The total, partial, and angular-momentum-decomposed
densities of state for LiGa in the NaTl structure are
shown in Fig. 3(a). As in previous calculations for NaT1-
type Zintl phases, we obtain a Ge-like DOS with a
deep minimum close to the Fermi level, indicating a high
degree of sp hybridization on the Ga sites. Pawlowska
et al. have shown that the bond order (equal to the
di6'erence in the number occupied bonding and antibond-
ing orbitals) is a quantitative measure of the degree of sp
bonding. For the I-III Zintl phases they find bond orders
between 0.48 and 0.58, to be compared with an sp bond
order of 0.68 for crystalline Si. For comparison we also
show the DOS for a hypothetical CsCl-type phase of
LiGa (the CsC1 lattice is predicted to be the high-pressure
polymorph of the I-III Zintl phases ' ). In this case, we
find a high density of states at the Fermi level and a
valence band that splits neatly in a lower part dominated
by Ga s states and an upper part dominated by Ga p
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TABLE II. Crystallographic description of the Li3Ga&4 phase. The asterisk indicates an occupation
probability of 50%.

Space group D3d-R3m

a=8.441 A
c=16.793 A

0 3
Atomic volume V„=20.32 A
Excess volume hV„=—3.8%

Ga(1)
Ga(2)
Ga(3)
Li

(6c)
(18h)
(18h)

(18h)

Atomic positions

0
0.1608
0.5611
0.8229

0
0.8392
0.4389
0.1771

0.8224
0.8646
0.9485
0.0580

06- Lioa (NaT() (a)

0.4-

E 02-0
Cf0 0

0.4—

g Q2-

o 0
C)

0.2-
Li

states. The DOS at the Li sites shows a completely mixed
angular-momentum character in both structures. This
means that the electronic structure is dominated by the
strong attractive Ga potential. It does not mean, howev-
er, that there is a complete charge transfer from the

atomic spheres centered at the Li sites to those centered
at the Ga atoms. The valence charge densities are not
zero, nor even small within the Li spheres. It only indi-
cates that the valence bond states originate from the
atomic Ga states, hybridized through the interaction
with neighboring Ga states and shifted by the potential of
the Li ions. The change in the crystal structure affects
only the way in which the Ga states interact but not the
fact that the valence DOS is entirely dominated by the
anion states.

The valence DOS for Li3Ga2 is shown in Fig. 4. Again
the valence band is split in three parts, but now the two
lowest bands are entirely of Ga s character, each contains
exactly one electron per Ga atom. The third band is a
Ga p band, up to the pseudogap about 1 eV above the
Fermi level it accommodates three electrons per Ga
atom. This means that the structure of the valence DOS
of Li3Ga2 is strikingly similar to that of trigonal and
rhombohedral As. ' The s p configuration of As leaves

0 L~3Ga2

0.6 — Li Ga

E-EF

(CsC()

(eV)

(b)

04—

04- 02

0.2—

Q

04

0
O
C3

0.2-

Ga

Li

0
E 04-
0
0
e 02-

e 0

0.2-

0

Ga

Li2

E -EF (eV ) I ~~ I ~~»
0

FIG. 3. Total, partial, and angular-momentum-decomposed
electronic density of states for LiGa in the (a) NaT1 and (b) CsC1
structures. Solid line, total DOS; dotted line, s-DOS; dashed
line, p-DOS; dot-dashed line, d-DOS.

E-EF (eV)

FIG. 4. Total, partial, and angular-momentum-decomposed
electronic density of states for Li3Ga2. Key, see Fig. 3.
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is well known that the effective interatomic interactions
varies on alloying via the variation of the electronic
screening length, of the wavelength of the Friedel oscilla-
tions, and of the effective pseudopotential in the alloy.
The most important aspects in the variation of the poten-
tials are (i) the reduction of the effective diameter of the
electropositive atom (here Li), and (ii) the increase of the
amplitude of the Friedel oscillations in the interaction be-
tween the electronegative ions (here Ga), especially at
short distances. The first point is related to the fact that,
at an increased average electron density, the Coulomb
repulsion between the Li ions is screened over shorter dis-
tances. The second point arises from the reduction of the
Fermi wave vector on alloying of a polyvalent metal with
another metal with a lower electron density: the pseudo-
potential matrix element ~uiG, (2kF)~ setting the ampli-
tude of the pair interaction increases with decreasing kz.
For a more detailed discussion see Refs. 53 and 54.

The substantial compressions of the Li pseudoatoms
(as measured by the repulsive part of the effective Li-Li
interactions) is, of course, directly related to the large
negative volume of formation. It has been shown that
the volume of formation of sp-bonded alloys may be cal-
culated with reasonable accuracy by pseudopotential per-
turbation theory, even in the lowest-order approximation
(Fig. 6). For the LiGa phase, this first-order calculation
predicts a volume of formation of 6V= —18.6%; this re-
sult is not substantially changed by a full second-order
calculation (b, V= —19%) or by a self-consistent total en-
ergy calculation using the LMTO [b, V= —19.7% (Ref.
26)]. The experimental volume of formation for LiGa is
hV= —29.0%, see Table I. For all other I-III Zintl
compounds, both the first-order prediction and the self-
consistent total energy calculation agree much better
with experiment, e.g. , LiA1: b, V= —21.7% (first order),
b, V= —16.6% [LMTO (Ref. 26)], A V= 15.0% [expt.

Ga

FIG. 6. Volume of formation EVof Li-Ga alloys. Solid line,
first-order theory; open circle, second-order theory; solid circle,
self-consistent LMTO total energy calculation; crosses, experi-
ment.

(Ref. 19)]; Na Tl: b, V = —21.8% (first order),
b, V= 22 2%%uo [LMTO (Ref. 26)], A V= 20.6% [expt.
(Ref. 19)]. In general, the simple first-order prediction
for hV is too strongly negative for compounds with a
strong covalent contribution to the bonding and too small
for a strongly ionic compound. This would indicate that
it is not covalency that is responsible for the discrepancy
in b V, but it is not clear why Li-Ga should be more ionic
than other I-III alloys.

The effective interatomic potentials for a series of crys-
talline and liquid Li-Ga alloys are shown in Fig. 7. These
results illustrate (i) the substantial reduction of the
effective repulsive diameter of the Li-Li pair interaction,
(ii) a preferential interaction in unlike-atom nearest-
neighbor pairs (the Li-Ga potential is stronger than the
average of the Li-Li and Ga-Ga interactions), especially
for Li-rich alloys, and (iii) the Ga-Ga potential which has
nearly zero curvature around the nearest-neighbor dis-
tance in pure Ga, develops a distinct repulsive hump with
increasing Li content of the alloy. This makes the Ga
pair interaction similar to that of the elements with a
higher valence (Ge, As, Se)—their pair potentials are
shown for comparison in Fig. 7. Thus, we find that the
similarity we found in the electronic structures is also
reAected in the interatomic interactions.

This once again raises the question how a description
in terms of quantum-mechanical pair and volume forces
relates to the traditional description of open covalent
structures in terms of localized bonds and bond
charges. ' In a series of recent publications we
have shown that the open, low-coordinated structures of
liquid Si, Ge, As, Te„etc., are well described in terms of a
modulation of a close-packed structure by the Friedel os-
cillations in the pair potential, and that this is essentially
equivalent to a real-space formulation of the conventional
picture of a Peierls distortion (which is usually formulat-
ed in reciprocal space '). Significant differences between
the structures determined by the interplay of pair and
volume forces and those calculated using the full set of
quantum-mechanical many-body forces appear only at
the level of four-body correlation functions. ' For the
crystals, pair and volume forces are su%cient to describe
the static stability of the open relative to the close-packed
structures, but not the dynamic stability: in this descrip-
tion the stiff bond-bending forces necessary for stabilizing
certain shear modes are lacking. The reason is that
second-order theory gives sp hybridized bonds describ-
able in terms of overlapping spherical pseudoatoms. It
is covalency in the sense of metallic bonds with no direc-
tional properties and no limit to the number of bonds an
atom can form beyond the limit set by packing require-
ments, i.e., the effective atomic size given by the repulsive
diameter of the pair interactions and the atomic volume
determined by the volume forces. True covalent bonding
is describable only via higher-order corrections. The
third-order corrections create a strong attractive poten-
tial which attracts an extra bonding charge to the bond
site. The bond-bond interactions give the angular forces.

In a binary alloy the problem is more complicated: the
pair forces must determine not only the nearest-neighbor
topology, but also the chemical order —i.e., the relative
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abundance of like- and unlike-atom pairs. The NaT1
structure and the CsC1 structure have the same bcc mean
lattice, but in the NaT1 structure each atom has four like
and four unlike atoms, whereas in the CsC1 structure
each atom is surrounded by eight unlike neighbors. In
LiGa (as in all I-III alloys), the pair forces prefer the for-
mation of unlike-neighbor bonds at short distances. This
is incompatible with the stability of the NaT1-type phases
as long as only the nearest neighbors are considered.
However, in the bcc lattice, the di6'erence between first-
and second-neighbor distances is only 15%%uo, and both fall
into the attractive well of the pair interactions. For the
first- and second-neighbor shells together, there is an
even more pronounced tendency to heterocoordination in
the NaTl lattice (four like, ten unlike neighbors) than in
the CsC1 structure (six like, eight unlike neighbors).
However, one finds that, to second-order in the pseudo-
potential, the CsC1 structure is slightly more stable than
the NaT1 phase. It has been shown ' that the leading

third-order terms associated with the filling of the Jones
zone of the NaT1 structure must be included to get the
correct phase stability. This reflects the relatively high
degree of sp hybridization.

In the Li-rich phases, the distortion of the bcc lattice
mixes the first- and second-neighbor shell of the undis-
torted bcc lattice. In both the Li3Ga2 and Li2Ga struc-
ture, there is a strong preference for heterocoordination
of the Ga sites (Table III), and a weak preference for un-
like neighbors around the Li sites. This is just what cor-
responds to the form of the pair interactions (Fig. 7).

Thus, we find that the pair interactions of Li-Ga are
reasonably well consistent with the crystal structures, ex-
cept for some small covalent corrections which are neces-
sary to understand the phase stability of LiGa. There,
the situation is similar to that in the group-IV elements
and we expect that, as in liquid Si and Ge, the pair in-
teractions will yield a realistic description of the structure
of liquid Li-Ga alloys.
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IV. LIQUID STRUCTURE

The structure of liquid Li-Ga has been calculated by
microcanonical molecular dynamics, using the pair po-
tentials described in Sec. III. Our molecular dynamics
routine is based on a fourth-order predictor-corrector al-

gorithm for the integration of the Newtonian equations
of motion and an efBcient network-cube algorithm for
nearest-neighbor bookkeeping. For details see Refs. 58
and 67. For each alloy, two sets of simulation runs were
done in parallel: one based on a large ensemble of
N=1000 atoms and one for a small ensemble of %=64

TABLE III. Coordination numbers in crystalline Li-Ga compounds and liquid Li-Ga alloys. The
numbers in parentheses give the partial coordination numbers for a random distribution of the chemi-
cal species.

LiGa

Li,Ga2

Li2Ga

Li»Ga»

Li

Ga
Li
Ga

Li
Ga

8
Ga

Li

Ga

Li

(4)
4

10
(7)
6.66

11
(8.4)
6

12
(9.4)

Crystal
Ga

4
(4)
4

10

(7)
7.33
3

(5.6)
14
2

(4.6)

tot

8
14
14

14
14

9.3
14

Li

6.2
5.8

(5.1)
7.9
8.2

(7.1)
4.4
9.0

(7.8)
11.1

(10.9)
10.4
(9.0)

Meltd

Ga

5.8
4.4
(5.1)
5.4
3.7

(4.8)
13.7
2.7
(3.9)
3.1

(3.3)
1.3

(2.7)

tot

12.0
10.2

11.9

11.7

14.2

11.7

'Nearest neighbors only.
First and second neighbors.

'Averaged over orystallographically inequivalent Li sites.
Calculated by integrating over the symmetric part of the first peak in the pair-correlation function.
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TABLE IV. Temperatures, atomic volumes, and volume con-
tractions of the liquid Li-Ga alloys used in the MD simulations.

0„(A ) an (%)T (K)

Lio. ~oGao. ~o

Lio.6oGao. 4o

Lio.67Gao. 33

Li0.77Ga0. 23

1023
1023
873
748

18.54
18.38
18.26
18.10

—18.6
—19.3
—19.5
—20.9

atoms. The first set of simulations is used to create reli-
able pair correlation functions and structure factors for
comparison with experiment, the second to produce the
atomic coordinates for the electronic structure calcula-
tions.

It is rather dificult to determine the density of the
liquid alloys to be used in the simulations. No accurate
density measurements have been performed. In their
analysis of the neutron-diffraction data, Reijers et al.
assume a density of p=3.00 gcm for LiGa, corre-
sponding to an atomic volume of V„=21.37 A . This is
equivalent to assuming a volume expansion of 47% at
melting and can hardly be considered as a realistic esti-
mate. In an attempt to model the diffraction data using
correlation functions of a charged hard-sphere mixture
calculated in the mean-spherical approximation, Reijers
et aI. found it necessary to use a much higher density of
p =3.59 g cm, which we consider as a more realistic es-
timate. For our calculations we started from the fact that
the simple first-order prediction discussed in Sec. III is
usually even more accurate for liquid than for crystalline
alloys. For liquid Li-Pb alloys, for example, these predic-
tions agree to within 2% with the experimental results.
Starting from the densities of the pure liquid metals, we
arrive at the atomic volumes for the liquid alloys corn-
piled in Table IV which we consider as a realistic esti-
mate.

The partial pair correlation functions for Li-Ga alloys
are shown in Fig. 8. We find that the Li-Li correlation
functions correspond at all compositions rather closely to
a random close-packed arrangement of the Li atoms, the
ratio of the positions of the first and second peaks is
Rz/R2 ——1.85 —1.87; i.e., rather close to the ideal hard-
sphere value of R2/R, =1.91. The Ga-Ga correlations
are entirely different: with increasing Li content, the first
peak in go, o,(R) is strongly reduced, the number of
Ga-Ga pairs is reduced from 4.4 in LiGa to 1.3 in
Lip 77Gap 23 and this is much lower than that which cor-
responds to a random distribution of the chemical species
(see Table III). Note that these coordination numbers are
very close to the Ga-Ga coordination numbers in the
crystalline compounds. The Ga-Ga correlation functions
are also strongly distorted, the ratio R2/R, is now be-
tween R2/R, =1.71 and R~/R, =1.60, and this is close
to the values characteristic of the correlation functions of
the open structures of the liquid semimetals and semicon-
ductors (see Table V). From the ratio R2/R„we can
directly calculate the predominant bond angle and the re-
sulting values (between Oo, o, o,=117.5' in Lio ~Gao ~

and go, o, o,= 106' in LiQ 77GaQ 23) are very close to those

Ga
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FIG. 8. Partial pair correlation functions g,~(R) in liquid Ga
and liquid Li-Ga alloys. Solid line, Ga-Ga; dashed line, Li-Li;
and dot-dashed line, Li-Ga correlations.

in the crystalline Li-Ga compounds (8&, G, &,=109.5,
109.5', and 112.6' in Lioa, Li3Ga~, and Li2Ga, respec-
tively). The total and partial bond-angle distribution
functions are shown in Fig. 9. For Lip 5Gap 5, the distri-
bution of the bond angles is very similar around the Li
and the Ga atoms: a broad distribution with two peaks
close to 0-50 —60' and 0-100 —110 of about equal am-
plitude. This is similar to liquid Si and Ge. ' At
higher Li content, the 60' peak is reduced and at highest
Li concentration fo, o, o, (0) has a single peak close to
the bond angle of the Ga zigzag chains in crystalline
Li2Ga.

At all compositions, the Li-Ga pair-correlation func-
tion has the highest amplitude. The partial coordination
numbers determined by integrating over the first peak in
the g; (R )'s (see Table III) show that at all compositions
the coordination of the Li atoms is essentially random,
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Hard sphere
Liquid'
Lio soGao so

Lio.60Ga0. 40

Lio.67Ga0. 33

Lio.77Gao. 23

R2/R i

1.91

1.71
1.6
1.67
1.60

Q, /Qa

(0.75)
0.65
0.66
0.66

Q2/Qa

1.86

1.75
1.71
1.73
1.74

Qa/2kF

0.97
0.97
0.99
1.03

Qa/Qz Q3/Qa Qz/2k~

Ge'
Asb
Se'

1.63
1.49
1.52

(0.76)
0.66
0.60

1.62
1.50
1.51

1.10
1.04
1.06

'After Ref. 58.
After Ref. 59.

'After Ref. 60.

whereas Ga
atoms. The
creases with
very similar

sites are preferentially surrounded by Li
tendency to a Ga heterocoordination in-
the Li content of the alloy. This is again
to the chemical short-range order in the

TABLE V. Ratio of the peak positions R, /Ri, Q~/Q„and
Q~/Q, in the correlation functions and structure factors of a
hard-sphere like, of liquid Li-Ga alloys (partial Ga-Ga correla-
tion function), and of liquid Ge, As, and Se.

crystalline compounds. At concentrations between 65
and 75 at. % Li, the Ga-Ga coordination number is close
to 2. This points to a chainlike substructure of the Ga
atoms like Li2Ga. From the bond-angle distribution we
learn that even the chain angle is similar in the crystalline
and in the liquid phase. Thus, the picture of the liquid
structure of Li-Ga alloys emerging from the discussion of
the real-space correlations is one of rather well-defined
Ga clusters embedded in a randomly close-packed Li ma-
trix. The structure of the Ga clusters resembles broken
pieces of the Ga sublattices of the crystalline compounds.

This conjecture is further confirmed by the partial stat-
ic structure factors [Fig. 10(a)]. The Li-Li structure fac-
tor is again close to the form expected for hard-sphere-
like liquids. The Ga-Ga structure factor shows a strong
prepeak at all Li concentrations beyond 50 at. %%uoLi . The
Li-Ga structure factor has a minimum at these momen-
turn transfers. The prepeak in the Ga-Ga structure fac-
tor arises from both chemical and topological short-range
ordering: in the Bhatia-Thornton structure factors [Fig.
10(b)] we find a small shoulder in the density-fluctuation
structure factor Sz&(q) (representing the average topo-
logical order) and a broad prepeak in the concentration-
fluctuation structure factor Scc(q). The Ga-Ga structure
factor is surprisingly similar to the structure factor of the
liquid polyvalent semiconductors Ge, As, and Te: the ra-
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tio Q /Q& of the positions of the prepeak and the main
peak in S&, &,(q) is almost exactly the same as between
the first two peaks in the structure factors of the po-
lyvalent elements (Table V). In both the Li-Ga alloys and
the polyvalent elements, the position of the second peak
almost exactly coincides with 2kF. This indicates that, in
both cases, the stabilizing mechanism is the modulation
of the random arrangement of the atoms by the Friedel
modulations in the potential; and this appears to be a nat-
ural interpretation of the Zintl principle.

The most direct evidence comes perhaps from comput-
ergraphics: Fig. 11 shows a projection of a slice (about
two bond lengths thick) of an instantaneous configuration
of Li77Ga23. Ga-Ga bonds between nearest neighbors are
drawn. We find that the majority of Ga atoms are part of
Ga chains embedded in a Li matrix.

Finally, we compare our computer-simulation results
with the neutron-diffraction data of Reijers et al. for
Li~oGa~o and for the zero-alloy Li77Ga23 (Fig. 12). For
the zero alloy [where a difFraction experiment measures
only the concentration fluctuations, i.e., S(q)=Sec(q)]
we find a reasonably good agreement between theory and
experiment. For Li5OGaso, the first peak due to the con-
centration Auctuations is shifted to larger wave numbers

compared to the diffraction experiment. The peak in
S&z(q) contributes only with a small weight (w» =0.22,
m~~=1. 66 wcc=3. 11), it is located close to q=2. 85
A ' in both theory and experiment. The neutron-
weighted radial distribution functions (RDF) are shown
in Fig. 13. For the zero alloy we find a distinct negative
minimum in the RDF at R&=2.9 A) expressing the
chemical short-range order. Beyond about R =3.5 A,
the RDF is essentially zero, so that the ordering does not
extend beyond the nearest-neighbor shell. For the equia-
tomic alloy the RDF shows the peaks in the density-
correlation functions, which are reasonably well repro-
duced by the simulation. Thus, the most serious
difference between experiment and simulation is that the
simulation predicts somewhat too short Li-Ga distances:
this explains the shift in the negative peak in the RDF
and the shift of the first peak in Scc(q). The shift in
Scc(q) is, in addition, enhanced by the relatively large
width of the main peak in the Ga-Ga structure factor.

Reijers et al. have speculated that the small ratio
Q /Q& -0.50 might indicate the existence of polyanionic
Ga clusters similar to those found in the liquid I-IV corn-
pounds of the heavy alkali metals where similar values of
this quantity have been observed. Q~/Q, -0.5 has also
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(solid line), S&&(q) (dashed line), and S«(q) (dot-dashed line) (b) for Li-Ga alloys.
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V. ELECTRONIC STRUCTURE OF LIQUID ALLOYS

The electronic structure of the molten alloys has been
calculated using the LMTO-superce11 technique. A de-
tailed discussion of the method has been given in our pa-
pers on the electronic structure of the pure liquid rnet-
als. ' ' ' The calculation is based on instantaneous

25

Li77Ga23

been found in liquid Cs-Sb alloys and interpreted as indi-
cating the existence of polyanionic Sb chains. Our cal-
culations tend to confirm the existence of such loosely
defined polyanionic clusters, but they also show that the
ratio Q /Q, is not a very critical indicator for the ex-
istence of well-defined structural units.
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FIG. 13. Neutron-weighted radial distribution functions for
{a) Lip, pGap &p and (b) Lip 77Gap 23 Solid line, simulation; cir-
cles, experiment (Ref. 8).
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FIG. 14. Total, partial, and angular-momentum-decomposed
electronic density of states for liquid Lip 5pGap». For key, see
Fig. 3.

configurations of ensembles of 64 atoms enclosed in a
periodically repeated cubic box. By comparing the pair-
correlation functions of the 64-atom model with the re-
sults of the molecular-dynamics (MD) runs for the 1000-
atom ensemble, we find that even such a small model
reproduces the essential features of the liquid structure.

The total, partial, and angular-momentum decomposed
densities of state for liquid Lip 5pGap 5p and Lip 77Gap 23
alloys are shown in Figs. 14 and 15. The result for the
equiatomic alloy shows that the strong sp hybridization
characteristic for the crystalline Zintl phase is destroyed
on melting. In the liquid alloy we find a deep pseudogap
about 3 eV below the Fermi level separating a band of
pure s character on the Ga sites from a band of pure p
character on the Ga sites. The Li contribution to the
DOS has a strongly mixed angular-momentum character,
indicating that the electron states are in reality Ga states.
Thus, the electronic DOS of molten Lip 5pGap 5p is very
similar to that of liquid Ge and we are led to the con-
clusion that, in the Zintl phases as well as in the elemen-
tal semiconductors, thermal disorder destroys the direct-
ed bonds associated with the formation of sp hybrids.
The DOS of the molten alloy resembles more closely that
of the CsC1 phase.

In the Li-rich alloy (Fig. 15) we again find a Ga s band
at higher binding energies (containing exactly two elec-
trons per Ga atom), separated by a pseudogap from a p
band close to the Fermi level. This was also the situation
in the crystalline Li3Ga2 and Li2Ga phases (see Figs. 4
and 5). The main difference between the liquid and the
crystalline phases appears in the s band. In the liquid
phase the splitting of the s band [which is a consequence
of the back bonds between Ga atoms in different layers
(chains) in the As-type (Se-type) Ga sublattices in Li3Ga2
and Li2Ga] has disappeared. This is again reminiscent of

Li„Qa23

E
0cj

QJ~ 0.4-

v) 0.2-

GG

C3O 0

0.4-
Li

the situation in amorphous' and liquid arsenic and in
liquid and amorphous Se where thermal disorder leads to
a strong reduction of the Peierls splitting in the s band.
It should be possible to verify these predictions by photo-
emission spectroscopy, and we hope that our work will
stimulate such experiments.

Thus, the results of the electronic structure calcula-
tions confirm our interpretation of the MD results for the
atomic structure: in the liquid Li-Ga alloys, structure
and bonding are dominated entirely by the strong attrac-
tive Ga potential. The Ga-Ga bonds are very similar to
those formed by the element with the same number of
electrons per atom, counting all electrons in the conduc-
tion band of the alloy as belonging to Ga. However, the
proper reference is now the liquid element: with increas-
ing Li content the electronic DOS and the Ga-Ga struc-
ture factor in the alloy resemble the DOS and the S(q) of
liquid Ge, As, and Se.

VI. CONCLUSIONS

Our investigations of the structural and electronic
properties of crystalline and liquid Li-Ga alloys demon-
strate the validity of an extended Zintl principle. The
bonding is dominated by the strong potential of the Ga
ions and may be described at least formally in terms of a
complete electron transfer. The well-known equivalences
Ga =Ge, Ga =As, Ga =Se are rejected in a Ge-,
As-, and Se-like Ga sublattices of the compounds LiGa,
Li3Gaz, and Li2Ga, and in the Ge-, As-, and Se-like elec-
tronic structure. The extended Zintl principle is also val-
id in the liquid phase: in liquid Lip 5pGap Sp we find that
thermal disorder destroys the sp hybridization associat-
ed with diamondlike bonds, but this is again exactly
analogous to liquid Ge. In the liquid Li-rich alloys we
find short-range Ga-Ga correlations which are similar to

-10 -8 -6 -4 -2 0

E — EF (eV)

FIG. 15. Total, partial, and angular-momentum-decomposed
electronic density of states for liquid Lip 77Gap 23 For key, see
Fig. 3.
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those observed in liquid As and liquid Se. These con-
clusions are in reasonable, although not entirely quantita-
tive, agreement with neutron-diffraction data. Considera-
tion of three-body terms will be necessary to improve
agreement between theory and experiment. Our conjec-
tures on the local atomic order are supported by the re-
sult of electronic structure calculations. We hope that
our predictions of the electronic spectra can soon be test-
ed against experiments.
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