
PH YSICA L REVIEW B VOLUME 16, NUMBER 8 15 OCTOBER 1977

Molecular cluster studies of binary alloys: LiA1&
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The electronic structure of the ordered Zintl (832) phase of LiA1 has been studied in a molecular-cluster
model within the framework of the Hartree-Fock-Slater theory. Li,A14 and Al, Li~ clusters were embedded in

a potential field representative of the alloy environment; energy levels and wave functions were obtained by
self-consistent iteration. Density-of-states and charge-density results are used to interpret NMR and electrical-
conductivity studies. The case of a single Li vacancy was also treated, and discussed in the light of positron-
annihilation data.

I. INTRODUCTION

LiA1 is a type I-III compound which crystallizes
in the Zintl phase, B32 structure, of which NaT1
is the prototype. Lithium alloys are currently of
interest because of their potential usefulness as
anodic materials in high-energy density batteries.
LiAl is a particularly good candidate because of
its relative stability compared to lithium metal.
Qther B32-type Li alloys include compounds with
group II elements such as LiCd and LiZn, as well
as compounds with group III elements. The struc-
ture itself can be described as two interpenetrat-
ing diamond lattices, one formed from each con-
stituent. Each atom then appears at the center of
a cube formed by its eight nearest neighbors. The
local site geometry is tetrahedral with four atoms
of each type occupying the cube vertices as shown
in Fig. 1.

Very little is known about the electronic struc-
ture of LiA1. In the original work of Zintl and
Brauer, ' it was proposed that the Li atom trans-
ferred an electron to the type IIIa atom in I-III
compounds. This atom would then behave as a IVa
atom (such as C or Si) in forming a diamond lat-
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FIG. 1. Crystal structure of B32 (Zintl), compounds
[W. B. Pearson, The Crystal and Physics of Metals
and Alloys (Wiley-lnterscience, New York, 1972)].

tice, with the Li atoms forming a second, rather
loosely bound diamond lattice. This hypothesis is
at least consistent with several NMR results of
Schone and Knight. ' They observed that the lattice
constant was determined by the radius of the III
atom, the nearest-neighbor distance of LiAl being
twice the Qoldschmidt radius of pure Al. Secondly,
they concluded that aluminum atoms never substi-
tute for lithium in the lattice. From this result,
they argued that a defect phase occurs in LiAl ex-
hibiting a permanent conc entration of vacancies on
the Li sublattice. Thirdly, an activation energy of
only 0.15+0.02 eV was found for the Liatoms, indi-
cating high ionic mobility. The NMR frequency
shifts (Knight shifts) for several alloys were deter-
mined; for LiAl the 'Li shift was less than 0.005/g
and the "Al shift was &0.01%, substantially small-
er than the pure-metal shifts of 0.025% and O. is%,
respectively.

Bennett carried out NMR studies on a number of
B32 alloys and proposed a band structure for LiAl
with a filled "Li 2s" band lying well below the Fer-
mi energy. ' The higher bonding valence bands'

populated by the remaining Al 3s and 3P electrons
would just be filled as in the diamond structure.
This model predicts a charge transfer in precisely
the oPPosite direction to that proposed by Zintl pnd
Brauer. In the defect phase of LiAl, the top of the
conduction bands would be slightly depopulated,
leading to a "semimetal" (actually a defect-struc-
ture metal) in Bennett's model.

Recently, measurements of the 'I, i NMR relaxa-
tion rate T, ' were used to determine the degree of
Li-ion motion and its dependence upon Li sublat-
tice vacancy concentration. ' Measurements of T, '
versus temperature for ~Al were used to propose
that the observed electric-field gradient is due to
Li vacancies. An activation energy of 0.13 eV for
Li diffusion was found, in agreement with the earl-
ier work of Schone and Knight.

The molar magnetic susceptibilities of lithium
alloys were measured by Yao' who found that the
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conduction-electron susceptibility of LiAl mas
very small and positive, characteristic of a weak
paramagnet.

Cristea et al. have measured the electrical re-
sistivity of LiAl as a function of composition and
temperature. ' The resistivity of stoichiometric
LiAl at 273K mas found to be 2& 10~ Qm, with a
linear increase of p mith temperature over the in-
terval '?7 to 300K. The resistivity mas found to in-
crease abruptly with increasing Li concentration
over the 48-52 at.% interval studied. The resis-
tivity results characteristic of a normal metal
appear to contradict the semimetallic conjecture
of Bennett. Preliminary calculations made by
Switendick using the augmented-plane-wave (APW)
energy-band method suggest a normal metal (but
are also consistent with a semi-metal) with a low-

lying s valence band. '
In the present molecular-cluster studies, we

have found considerable charge transfer from the
Li 2s' state into a diffuse "Li 2p" state, but with a
very small charge transfer between atoms. The
density of states at the Fermi energy D(Er) and
Pauli paramagnetic spin susceptibility are esti-
mated to be similar to Li metal. The conduction
s electron -densitites at the Fermi energy, p(Li,
Er) and p(A1, E~) are small compared to the metal,
consistent with the Knight-shift data.

Our lowest band is indeed s-like, but primarily
of Al-3s character. We suggest x-ray emission
experiments (Li A, Al Lq~ ~)() to confirm or dis-
prove this model.

described previously. "'" In the present work,
numerical free-atom basis functions (A&} were
used (which were calculated by solving the self-
consistent free-atom problem), consisting of Li:
ls, 2s, 2P, and Al: ls, 2s, 2P, 3s, 3P. Matrix ele-
ments of the Hamiltonian and unit (overlap) opera-
tors were obtained by direct numerical integration.
A numerical precision of -0.1eV in valence level
energies mas obtained with 500 integration points.
The matrix scalar equation (H- ES)& =0 was
solved by standard procedures to obtain energies
and the wavefunction expansion

N

(t, = Q A,(r)C~„. (2)
j= 1

8. Self-consistent potential

We are motivated to construct a localized repre-
sentation for electronic states of alloys, because
of the great importance of localized defects, dis-
order, and impurities in these systems. One can
expect that the external boundary conditions im-
posed on a cluster model mill have highly signifi-
cant effects because of the diffuse nature of me-
tallic wavefunctions; thus point-charge or boun-
dary-sphere approximations commonly used in
cluster calculations on ionic and covalent sol-
ids" "will be inadequate.

Fermi-Dirac statistics mere invoked to deter-
mine occupation numbers f; for molecular-orbi-
tal (MO) levels and the cluster density was con-
structed.

II. THEORETICAL MODEL
AND COMPUTATIONAL PROCEDURE

The Hartree-Fock-Slater one-electron model is
well described in the literature, ' and has been suc-
cessfully applied to a variety of metallic systems
using both periodic Bloch function representations
and localized molecular cluster models. " The
essential point of this theory is replacement of the
nonlocal Hartree-Pock exchange operator by a lo-
cal potential, derived from the theory of a free-
electron gas,

) ( ) Bg (3P (F))

Here C is a constant (taken equal to —', in this work}
and p is the electronic charge density. With the
model Hamiltonian thus derived, one can proceed
to set up self-consistent computational procedures
for determining eigenstates g„, energies e„, and
the charge density.

A. Variational method

Molecular orbital energies and wavefunetions
mere obtained by a discrete-variational procedure

(Sa}

This mas decomposed approximately by Nulliken
populations, "as

where f„",is the population for atom v of the nl

atomic shell.
The crystal charge density is then constructed

for the next iteration cycle by extending the sum
over atoms to infinity, and averaging results from
previous cycles in the usual fashion, see Fig. 2(a).
The resulting periodic self-consistent-charge den-
sity pa« is then completely analogous to that de-
veloped in our previous free-molecule and ionic
cluster models. " The immediate use of the full
periodic potential resulting from p « in cluster
calculations presents certain dangers fox varia-
tional calculations, because of the deep potential
meOs localized on atoms which are near neighbors
to the cluster. A sufficiently flexible basis set
will attempt to describe "exterior core states" not
associated with the cluster. The Pauli exclusion
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FIG. 2. (a) Schematic
of self-consistency loop
for cluster embedded in
solid. (b) Schematic of
truncated crystal poten-
tial used in calculating
AB cluster levels em-
bedded in the periodic
solid.
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FIG. 3. Comparison of energy-band density of st'ates
(Ref. 17) (dashed line) Md Li9 cluster (solid line) density
of states for lithium metal.

principle, of course, acts to prevent transfer of
electrons from the cluster into filled exterior
states, and this constraint is most conveniently
described in the pseudopotential formalism. " We
have chosen to mimic the results which might be
obtained by laborious pseudopotential calculations,
by simply truncating exterior potential wells [Fig.
2(b)], thus introducing one empirical parameter
in the present model. The sensitivity of our re-
sults to this well-depth parameter is slight, and
will be discussed with the results.

C. Densities of states

The population contribution from atom vnl to the
Pth molecular orbital denoted by f "„, ~ is used in a
definition of the local density of states (DOS)

(4)

This definition is chosen so that the discrete DOS
is smoothed into a continuous distribution. The
Lorentzian width parameter & was chosen to be 1

eV, a value consistent with the uncertainties of
our calculations and the small cluster size. The
total density of states is then given by:

The total DOS may be compared to photoemission
spectra in a crude constant-matrix-elements ap-
proximation, in the occupied region E ~E~. The
region E& E~ is accessible by excitation tech-
niques such as electron-energy-loss spectroscopy
(EELS) as well as conventional optical methods.
Although the cluster DOS is not an accurate repre-
sentation of the complete energy band DOS of the
periodic solid, we will find it useful to make com-
parisons between Li, Al, and LiAl cluster results
in the vicinity of E~. This approach leads to a
certain cancellation of errors and permits a semi-
quantitative discussion of induced spin densities

and NMR Knight shifts.
To gain an impression of the deviations between

cluster densities of states and full band structure
r'esults, we performed calculations on Li, clusters
representative of the &« lithium metal structure.
The self-consistent band structure data of Ching"
are compared with the cluster DOS in Fig. 3, in
which the two Fermi energies have been matched.
The overall comparison is reasonably satisfactory
and similar to that found for other metals. " The
spurious peaks in the cluster DOS could be easily
reduced by increasing the Lorentzian level width;
however, this also has the effect of filling in gen-
uine gaps observed in the band results, and in in-
creasing the apparent conduction bandwidth.

The partial DOS analysis permits a discussion
of x-ray emission spectra, where atomic dipole
selection rules are approximately valid. Analysis
of A1K, All. r, z, z and LiK data would give an
essentially complete characterization of composi-
tion of occupied conduction states.

III. RESULTS

A. Self-consistent potential

Two molecular clusters exhibiting the full T,
point group symmetry of the &32 structure were
used in the LiAl calculations. Each cluster con-
sisted of a central atom, either Li or Al, and its
eight nearest neighbors. The cube edge was taken
to be 6.01 a.u. '

As described above, the cluster potential was
constructed from a simple self-consistent embed-
ding model baseduponthe Mulliken population anal-
ysis of occupied molecular orbital levels. Inclus-
ion of Coulomb and exchange interaction with the
atoms external to the cluster proved to be essen-
tial in obtaining charge densities and densities of
states which were relatively invariant to the clus-
ter origin (AI,Li, versus Li,Al, ) and to the atom
position (center versus periphery of cluster). In
the absence of the crystal contributions to the po-
tential, charge was observed to pile up in the in-



MOLECULAR CLUSTER STUDIES OF BINARY ALLOYS:

terior of the cluster, since peripheral atoms were
unable to "see" the attractive bonding interactions
with exterior atoms. Variation of properties with
the pseudopotential parameter V~ used to truncate
the potential wells of exterior atoms was found to
be slight, the main effect being a uniform shift of
the cluster Fermi energy. For these metallic sys-
tems there is some virtue in choosing ~F +Fy
but values in the range 5-10 eV produce very
acceptable x"esults.

Charge transfer between unlike atoms (as de-
fined by Mulliken populations) implies a buildup of
charge on clusters used here. In earlier studies
on ionic systems a simple renormalization of val-
ence occupation numbers before projection onto
the infinite crystal was found to be a satisfactory
procedure'4 and was also used here. Since the
calculated charge transfer is rather small, renor-
malization produces vexy minor effects.

B. Density of states

The total density of states for the Al-centered
and Li-centered clusters are shown in Fig. 4. The
two DOS curves are seen to be quite similar, . with
features insensitive to the cluster origin and crys-
tal potential parameters. The Fermi energy lies
on a sharply rising DOS peak, indicative of a nor-
mal metal. The prominent peakat -6 eV below Ez
is predominantly of A13s character and the struc-
ture around E~ is dominated by A13p character.
Although understanding details of the DOS requires
a band structure model, it is clear that the low-
lying "Li 2s" band postu1ated by Bennett' would be
better described as "Al 3s". Moreover, the MO
eigenvectors display considerable Al s, p and Li
s, p hybridization and mixing; partial densities of
states are discussed further below in connection
with predicted x-ray emission spectra.

C. Charge4ensity and Knight-shift estimates

The self-consistent charge density for the Li-
centered cluster is plotted along three symmetry
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FIG. 4. Density of states for Li5Al4 (solid line) and
Al&Li4 (dashed line) clusters determined in the self-con-
sistent crystal field.
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FIG. 5. Charge density of Li5A14 cluster plotted along
symmetry directions: [100], solid line; [111j,dashed
line; and [111),broken line.

lines in Fig. 5. The density is quite spherical out
to a distance of -2 a.u. from the center of the
cluster; beyond the midbond distance (indicated
by a vertical arrow) the [111]density rises rapidly
as the neighboring Li atom is approached, and sti11
more rapidly in the [ 111] direction toward a neigh-
boring Al atom. Very little evidence is seen for the
covalent bonding suggested by Schone and Knight. '

The charge density and DOS results can be used
to obtain a, crude approximation to the NMR Knight
shift of the material. A simple development for
the paramagnetic susceptibility of conduction elec-
trons shows that the total magnetization is given by

M = p,&(X+ —N ) or M = p2sD(E~)B,

where N, is the concentration of spin up electrons,
is the concentration of spin down electrons, &

is the applied field, and D(EF) is the density of
states at the Fermi energy. This gives the para-
magnetic spin susceptibility as X p

= psD(Ep),
If we consider the conduction electrons to be

essentially free, we can a,dd a diamagnetic contri-
bution equal to ——,

' of the paramagnetic term to the
total spin susceptibility. " %e thus arrive at

Xtota) = sl4D(~p) ~

In the absence of orbital and core-polarization
contributions, the Knight shift is given by:

&=SHIH=(8 /3)&I .(0)I'&,Xl. ~, (&)

where ( (u~(0) ~') s is the average probability den-
sity at the resonant nucleus of all electronic states
on the Fermi surface.

Theproduct(~u, (0)~')D(E~) appearing in Eq. (7)
can be estimated from the partial density of .states,
as

~ (,(0) ~'D, (E~) where s denotes the atomic-val-
ence s electron —2s for Li and Ss for Al, and g, (0)
is the free-atom orbital evaluated at the nucle-
us. ' This approach yields va.lues of Kj,j and KA)
which are essentiaDy zero, within the accuracy
of the present model. Kj.j is very small because
of the 2s -2p intra-atomic charge transfer, with
anadditional ™0.25 electron charge transfer to
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FIG. 6. Partial densities of states for Li 2s, 2p and
A1 3s, 3p character in Li5A14 c1uster. Top: A1 3s (solid
line), Al 3p (broken line); bottom: Li 2s (dashed line),
Li 2P (solid line).

aluminum. KA~ is small because of the bonding
shift of Al 3s character to a position mell below

Egg (see Flg. 5).

D. x-Ray emission

Soft x-ray emission band shapes are strongly
dependent upon oscillator strength selection rules
for transitions into the core hole state. The com-
bination of parity selection and overlap factors for
core states on A. sites versus conduction-band or-
bitals on A or B sites can be exploited to provide
essentially complete information on occupied con-
duction band composition.

In Fig. 6 we have shown partial densities of
states D"„&for lithium and aluminum valence orbi-
tals (for the Li,AI, cluster) in the vicinity of EI,.
The results are qualitatively similar for the Al-
centered cluster. Nom the Li E emission spectrum
consists of dipole-allowed Li 2p- ls and Al 3s, 3p
-Li ls transitions, the latter (due to two-center
overlap effects) being of reduced intensity. Our
results suggest a rather weak emission band -3
eV wide, followed by a mell-defined low energy
Al 3s satellite at -6 eV belom the Fermi edge. Al

K emission should display a strong peak at F~, a
band width of -3 eV, and essentiaOy no cross-
over satellites because of the depopulation of the
Li 2s orbital. Al L~~ ~1~ features will be domi-
nated by transitions from Al 3s, with weak struc-
ture extending to E~ due to a small amount of sp
hybridization and mixing with Li basis states.

E. Vacancy cluster

The lithium-vacancy cluster (V«Li,A1,)was treat-
ed in a manner analogous to that described for the
A,B, clusters. A single s-basis function (obtained
Rs R po't8IItlR1 well eigenstat8) WRS plRced III 'the

center of the cluster to allow for the possibility of
a bound state in the vaeaney site, and to provide
variational freedom to describe the conduction

FIG. 7. Charge density fcl' (VI,ILI4AII) llthlUB1-vacancy
cluster p1otted along symmetry directions: f100], solid
line; [111),dashed 1ine; and f111], broken line.

electron tails in this region. The self-consistent
MO solutions for this cluster show that the vacan-
cy-localized state lies about 5 eV above the Fermi
energy, with additional small amounts of the va-
cancy orbital mixed into occupied levels. The re-
sulting charge distribution about the vacancy site
is plotted in Fig. 7; p is seen to be rather spheri-
cal out to a distance of -2 a.u. where the difference
between Li and Al neighbor sites begins to be sizeable.

For positron states localized at vacancy sites,
me may expect that the local bonding charge anis-
otropy mill have important consequences for the
annihilation y-ray angular distribution. ' 2 The
two-photon decay rate is governed by the overlap
amplitude

between the positron wavefunetion p and the occu-
pied electron states, and we thus expect strong
enhancements along the [111]and [ 111]direc-
tions. Comparison of experimental angular anis-
otropies with theory provides severe tests of
vacancy structure models which cannot be obtained
from lifetime data alone. From the theoretical
side, one must learn to predict the relative contribu-
tions of core, conduction, and vacancy-trapped an-
nihilation processes, and to assess the accuracy
of positron wavefunctions. From the experimen-
tal side, one must obtain absolute precision of
6 1% with reasonable angular resolution, using
single-crystal specimens. To our knowledge,
such data have not yet been obtained for alloy sys-
tems, but are available for a number of pure me-
tals." Experimental studies on the available sin-
gle-crystal LiA1 specimens would thus be quite
interesting.
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