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The electronic structure of the intermetallic compound LiAl, which has a B32 structure,
has been studied by a self-consistent linear-muffin-tin-orbital method within the atomic-
sphere approximation and in the local-density formalism. The overall band structure and
density of states have a reasonable resemblance with those obtained previously by Zunger,
except for several important differences near the Fermi energy. Whereas our results for
ideal LiAl give poor agreement with experiments on real (‘‘vacancy-defect”) LiAl, we ob-
tain much better agreement after accounting for the presence of vacancies by shifting the
Fermi level in a crude rigid-band manner corresponding to the vacancy concentration of .
roughly two percent estimated experimentally: The shifted results give satisfactory agree-
ment with magnetic-susceptibility and Knight-shift experiments and predict p-type conduc-
tion for the real “defect-phase” LiAl, in agreement with recent experimental findings.

I. INTRODUCTION

Recently, an intermetallic compound having B32
(Zintl") structure, LiAl, has attracted considerable
interest since it is considered as a promising candi-
date for an electrode material in a high-energy-den-
sity Li-S battery. The B32-type compounds have an
interesting crystal structure, described as two inter-
penetrating diamond lattices, one constituent form-
ing each diamond sublattice (see Fig. 1). Each atom
has four like and four unlike atoms on the nearest-
neighbor sites and its local site symmetry is
tetrahedral. This group if found in a relatively lim-
ited number of combinations of I-II (LiZn, LiCd)
and I-III (LiAl, LiGa, Liln, NaTl) elements.

The experimental data obtained so far on the I-III
compounds of this group are summarized as fol-
lows: (a) small metallic conductivity>* and p-type
conduction,* (b) small Knight shifts at both I and
IIT nuclei,>® (c) small paramagnetism and diamagne-
tism,”® and (d) a defect lattice,™ i.e., a subtraction
phase which has a finite concentration of vacancies
even at very low temperature. '’

Theoretical investigations on LiAl have been car-
ried out by Ellis ez a/.'! using a molecular cluster
method with nine atoms, and by Zunger!? using the
(LCAO) discrete variational (DVM) energy-band
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FIG. 1. Crystal structure of the B32 (Zint) phase.
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method. They found large intra-atomic promotion
from s to p electrons, but small intersite charge
transfer. In a rather complete and detailed study,
Zunger presented'? a band structure which has very
small overlap between the mostly filled lowest four
and higher bands. This result explains the semime-
tallic experimental situation of LiAl stated above,
but since no partial density of states were presented,
direct comparisons with experiment are difficult to
make.

In view of the recent great interest in the electron-
ic structure of this material, we have calculated the
energy-band structure of LiAl using the linear
muffin-tin-orbital (LMTO) method. Here we
present detailed information on the electronic struc-
ture which allows us to make quantitative compar-
isons with experiments such as magnetic susceptibil-
ity and Knight shift. The resulting band structure
and thus the total density of states (DOS) are found
to be qualitatively similar to those presented by
Zunger. However, there are striking differences in
several details of the band structure near the Fermi
energy (Er) which yield higher DOS and more me-
talliclike behavior (i.e., higher conductivity) for
(ideal) LiAl instead of the low conductivity semime-
tallic structure found in the DVM calculations.!> A
preliminary non-self-consistent augmented-plane-
wave calculation by Switendick!® also shows a simi-
lar location of the Fermi level. Our (and Switen-
dick’s) band structure for (ideal) LiAl predicts
a large magnetic susceptibility and very large
Knight shifts at both Li and Al nuclei resulting
from a large partial DOS at Er of s symmetry at
the respective atom sites—a result which is com-
pletely at variance with the semimetallic behavior
observed experimentally. However, as stated above,
real LiAl crystals contain a large number of vacan-
cies, even those with stoichiometric composition.
Hence one needs to take this vacancy effect into ac-
count if one is to make comparisons of the band
theoretical results calculated for ideal LiAl with the
real “defect-phase” LiAl. Thus, as a first step we
take the effect of vacancies into consideration by
shifting E in a rigid-band manner. When this is
done, the Fermi level falls near the bottom of the
DOS valley with considerably diminished partial
DOS at E of s symmetry for both Li and Al sites
and this new Fermi level predicts values of both the
magnetic susceptibility and Knight shift in reason-
able agreement with experiment. Furthermore, the
new Fermi level predicts definite p-type conduction
carried mostly by the hole pocket around the I'
point. We find that the intersite charge transfer is

very small, but that the intrasite promotion is con-
siderably larger, the same behavior as found previ-
ously for LiAl.'"'? The bond character of the B32
compounds will be discussed in connection with thls
intrasite rearrangement.

II. METHOD

The self-consistent (SC) band-structure method
employed is essentially the same as that described
previously' and is based on the LMTO method
developed by Andersen.!* The atomic-sphere ap-
prommatlon15 (ASA) is employed with R a5

= 1.1274 R {5, where R &5 is the radius of
Wigner-Seitz (WS) sphere of Al(Li). This ratio is
chosen so as to get reasonably small discontinuities
of the potential at each WS sphere boundary from
the SC results. This choice gives almost neutral WS
spheres for this material. The intersite charge
transfer brought about in the course of SC iterations
is estimated by the difference in the electron number
inside the WS sphere between the first superposition
of neutral ground-state atoms and the last converged
SC ouput. Charge transfer results in ionic character
and additional Coulomb contributions to the
(Madelung) potential which are calculated by
Jattice-sum techniques,'* whereas the exchange and
correlation contributions to the potential are han-
dled by the local density-function formalism.'®

The canonical band SC iteration techni’que14 is in-
itially employed to make the LMTO-SC iterations
employed later less expensive. In each iteration the
resulting potential is calculated from the LMTO
band structure determined at 16 k points in the ir-
reducible % Brillouin zone. The SC iterations are
terminated when the potential difference for the
outermost 9 radial mesh points (159 logarithmic
mesh points from near the nucleus to the WS
sphere) gets smaller than a few mRy. The partial
and total DOS are calculated by the linear
tetrahedron method!” using results calculated at 89
k points (8 divisions from I' to X) in the W irredu-
cible Brillouin zone.

The LMTO basis contains s,p,d for Al and s,p
for Li, resulting in an eigenvalue problem of size
26 X 26. The convergence is improved by including
additional basis functions (f and d, respectively) to
the three-center terms. It should be noted that the
B32 structure with its two penetrating diamond lat-
tices is about as closed packed a structure as is the
bece lattice. This makes it especially suitable for
study with the LMTO method.
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III. RESULTS AND DISCUSSION
A. Band structure and density of states: Ideal LiAl

The SC band structure of LiAl is presented in
Fig. 2. The partial and total DOS’s calculated by
the tetrahedron scheme using the band structure and
associated partial weights are shown in Fig. 3(a),
3(b), and 3(c). Overall, the band structure and the
total DOS resemble very well those of Ref. 12 (no
partial DOS were given there). We list in Table I a
comparison of energy separations obtained in the
two calculations. The energy separation between
', and T',5 agrees very well,'® although our
I 55— I';5 separation is roughly half that of Ref. 12
and our dispersion along W to L is slightly different
from that given there. The agreement for the
valence-excited separation is less satisfactory than
that for the valence-valence separation. The most
significant and important difference between the two
band structures is in the dispersion of the lowest
conduction band (i.e., the fifth band) from I'}5 to
X,. Our band structure (and that of Switendick’s'?)
shows a monotonic decrease from I'j5to X,
whereas that of Zunger has its minimum at roughly
% of the distance from I" to X. The indirect gap
(T35 to X;) is 62 mRy for our band structure and
13 mRy for that of Ref. 12 and is essential for
determining the height of the valley in the DOS
near Erp for LiAl. As seen in Fig. 3(c), the fairly
large overlap in our band structure brings about a
rather shallow valley of DOS near Ey and results in
a fairly large DOS at the Er. This is an apparently

w L r X

FIG. 2. Self-consistent band structure of LiAl
Dashed lines indicate doubly degenerate levels. The two
horizontal lines Er and E indicate Fermi levels for ideal
and real “‘defect-phase” LiAl, respectively, as explained
in the text.
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FIG. 3. Density of states in LiAl: (a) partial density
of states in the Li Wigner-Seitz sphere, (b) that in the Al
Wigner-Seitz sphere, and (c) total density of states in a
unit cell. The two Fermi levels, £, and E- are designat-
ed by straight lines and correspond to ideal and real
“defect-phase” LiAl, respectively, as explained in the
text. The shaded area in (c) accommodates 0.16 electrons
in a unit cell, corresponding to the electron deficiency
resulting from vacancy concentration of 2%.

unfavorable result with which to explain the experi-
mental findings so far, if we use this band structure
with Ef directly to compare with experiment.

In the total DOS curve of Fig. 3(c), we recognize
that the DOS in the interesting energy range is di-
vided into four main parts: the first is from the bot-
tom of the lowest band (T";) to ~0.03 Ry [the ener-
gy at which the lowest band touches the X point
(X)] and has its peak at ~ —0.075 Ry coming
from the singularity near L5; the second starting
from ~0.03 Ry with its very sharp peak at ~0.07
Ry coming from the very flat dispersion near L is
terminated at ~0.17 Ry by a steep peak belonging
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TABLE I. Comparison of energy separation (in Ry)
for various levels in Al with those of Zunger (Ref. 12).

Present Ref. (12)

(valence-valence)

X\ —X, 0.223 0.217
L, —L, 0.136 0.150
L|—>L3, 0.367 0.339
(valence-excited)

r—- rzs’ 0.702 0.694
Xis— X, 0.193 0.256
Lj,—>L3 0.051 0.110
X|—>F25, 0.062 0.013
r,—Ts 0.017 0.035
Li—L, 0.050 0.046

to the third part (which comes from the flat band
near W,); the third part contains a second broad
peak coming from the bands near X, which de-
creases almost monotonically up to ~0.43 Ry
where very flat dispersion starts from X, from
which the highest fourth part begins. The partial
DOS projected for the Li and Al sites are roughly
similar to each other, but we see in the first part a
very large Als component, which shows that the
lowest occupied band is of predominantly Als-like
character. Another big difference between the Li
and Al partial DOS’s is in the third part, where we
see a fairly large Lis build-up at the first peak of
this range, but only a decreasing Als component.
[In Ref. 12 it is stated that the lowest band is
predominantly of Li2s character hybridized with
Al 3s, which contradicts what we see from Fig. 3(a)
and (b). This difference may be due to the different
definitions of partial weights used: In our case par-
tial / character is defined in a one-center expansion,

while in the LCAO convention the Li2s, for exam-
ple, only labels the basis function constructed from
the atomic Li2s function which may penetrate the

Al sites and vice versa].

The most striking feature seen from Fig. 3(a) and
3(b) is the very large p component in the DOS both
for the Li and Al sites. In view of the close resem-
blance of the DOS curves for the respective atom
sites with that of the tetrahedrally bonded IV —1IV
semiconductors,'® we agree that the strikingly large
s to p promotion both for the Li and Al sites, which
were found in the previous studies of LiAl,'"!? is
closely related to the formation of diamondlike
bonding, i.e., sp> bonding, for both Li and Al. Of
course, this sp® bonding cannot be complete since
the ratio of the s component to that of the p com-
ponent in the total number of electrons in Li and Al
WS spheres deviates significantly from % as seen in
Table II.

Zintl and Brauer' and Hiickel?® proposed that in
the I-IIT compounds having B32 structure, the alkali
metal transfers its valence electrons to the III atom
(which behaves like Ge or Si and forms a diamond
lattice) and becomes an almost nonbonding atom.
This would suggest a convenient way to explain
why Li atoms are easily taken out of the material
and thus why the defect phase is formed in the LiAl
crystal. But if the bond character of the Li atom in
LiAl is almost nonbonding, we should observe in
the partial DOS analysis predominantly s character
at the Li site. We see, however, almost no indica-
tion of such an occurrence in Fig. 3(a). Therefore
the situation proposed by Zintl and Brauer' and
Hiickel® is not well realized in LiAl; the sp* bond-
ing proposal for the B32 I-1I has been contradicted
also by experiment.’

Table II presents the total number of electrons in
their respective WS spheres of radii R ws, 7%, at
the first stage of superposition of ground-state neu-
tral atoms and at the last converged SC iteration.

TABLE II. Number of valence electrons inside Wigner-Seitz sphere of radius R ys.

Superposition of ~ Rws Self-consistent band calculation Intersite charge
atomic charge®
) transfer®
config. n ! (a.u.) nws niys nés nwd
Li 2s! 1.01 2.763 0.346 0.643 0.99 —0.02
Al 3s23p! 2.99 3.115 1.147 1.653 0.206 3.01 0.02

“Atomic charges are calculated self-consistently using —i— Slater exchange.

total

Intersite charge transfer is defined as the difference of n ws

perposed crystal charge.

between the final converged band calculation and the first su-
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Symmetry-partitioned electron numbers of the SC
output, ni{fs’d, are also listed, where the s and p
components are taken for the Li site. We see that
the intersite charge transfer, which has been tenta-
tively defined as (792" )se- iotal )superposes 18 VETy
small (—0.02 electrons from a Li atom to an Al
atom, as in the earlier results!""!?), but the sign of
charge transfer is opposite to that believed for Li
compounds. However, since this quantity is strong-
ly dependent on the definition of the starting state
(especially for the very small transfer found here),
one may safely conclude that the intersite charge
transfer in the LiAl compound is very small.

B. Band structure and density of states: Vacancy LiAl

It has now been well established that the
stoichiometric ideal LiAl structure is not obtained
experimentally. Even “‘stoichiometric” LiAl (which
is supposed to have the same concentration of Li
and Al atoms) has been found to have vacancies on
the Li sites.®> For this reason, the results obtained for
ideal LiAl and given in subsection II A above, may
not be applicable to measurements, such as magnet-
ic susceptibility and Knight shifts, which are made
on real LiAl. Hence in this section we consider a
crude rigid-band approach in order to model the ef-
fect of Li vacancies on the band structure and DOS.
These results are then used to discuss experiments
on vacancy LiAl in the next subsections.

We show in Fig. 2 two horizontal dashed lines
with Er and E; where, as before, Ef is the Fermi
energy for the ideal LiAl, and now Ep is that for
the real “defect-phase” LiAl. It is estimated® that
“stoichiometric” LiAl has 4% vacancies on the Li
sites and 2% Li atoms on the Al sites, and hence
has on the whole, 2% vacancies in LiAl. Thus, per
unit cell there are (0.98)(2)(4) = 7.84 electrons in a

TABLE III. Magnetic susceptibility of LiAl due to
outer electrons in units of 10~® emu/mole.

calculated experimental®
p(Er)*  Pauli and Landau
Ideal 7.08 11 5
Ehe::gbt 2.76 44
*Total density of states at Fermi energy (states/Ry unit-
cell spin).

Fermi level is shifted by 0.017 Ry corresponding to the
vacancy concentration of 2%.
“Reference 7.

real “defect-phase” LiAl and the new Fermi energy
Ep is obtained by shifting £ by 17 mRy in a
rigid-band manner according to the vacancy concen-
tration.

In Fig. 3(a)— 3(c), we illustrate the effect of these
two Fermi levels. The shaded area in Fig. 3(c) cor-
responds to (8)0.02 = 0.16 electrons in a unit cell.
The consequences of these shifts are quite interesting
and important. The total DOS at E; diminishes to
roughly % of that at Ep from which—as we shall
see later—satisfactory agreement with the experi-
mental susceptibility is found (cf. Table III). The
partial DOS of a symmetry at the Li(Al) site at Ej
is roughly 2-10(%) of that at Ep, which enables us to
have reasonable agreement with the experimental
Knight shift for the Li(Al) nucleus (cf. Table IV).

C. Magnetic susceptibility and Knight shifts

Yao’ measured magnetic susceptibilities of several
B32 compounds and derived a fairly small para-
magnetic susceptibility attributed to the
outer conduction electrons of LiAl. The Knight
shifts measured by Schone and Knight® on LiAl
gave a vanishingly small Knight shift at the Li nu-

Table IV. Knight shifts in LiAl

Knight shift (%)

ps(Ep)? Experiment®
|W(0,Er) | ? Theory
(a.u.) (contact)
Ideal Li’ 0.831 0.580 0.021 . pure metal
Al 8.10 0.785  0.169 Li < 0.05 Li 0.025
Defect Li 0.821 0.030  0.0011 Al 0.16
phase® Al 8.03 0117 o027  Al<00I+ 003

“s density of states in a Wigner-Seitz sphere, in unit of states/Ry spin atom.
Fermi level is shifted by 0.017 Ry corresponding to a vacancy concentration of 2%.

‘Reference 6.
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cleus (which is at most % that of pure Li) and a
small shift at the Al site (of at most % that of pure
Al). These experiments indicate that in real LiAl
the DOS at the Fermi energy is quite low, i.e., in a
semimetallic situation. We present here estimates
of these two quantities evaluated using the results of
our LMTO calculations. In Table III, we list the
calculated values of the magnetic susceptibility due
to conduction electrons and compare with the ex-
perimental results. The Pauli paramagnetic suscep-
tibility is evaluated by the usual formula and the 1
Landau diamagnetic contribution is taken to be — 7
of the Pauli paramagnetism. The total DOS at E .

for the real “defect-phase” LiAl is ~40% of that
for the ideal LiAl case and gives a magnetic suscep-
tibility of 4.4 X 10~® emu/mole compared to
5 % 10~® emu/mole derived from experiment, indi-
cating quite satisfactory agreement.

The Knight shifts due to the Fermi contact term
in the hyperfine interaction are evaluated by use of

K& — (16m/3)ud | W(0,ER) | p,(Ep) , (1)

where |W(0,Er)|? and py(Ef) are a probability
density at the nucleus and s symmetry DOS per
spin, respectively, both at the Fermi level. We list
in Table IV, |W(0,Er)|?, p,(Er) and K 0 for
the two Fermi-level locations as well as the experi-
mental value. Clearly, the use of K 1% alone for
both the Li and Al nuclei in the ideal LiAl gives
results which are very far from the experimental
values. However, those corresponding to the real
defect phase show reasonable agreement with experi-
ment. Although greatly reduced from the ideal
case, the value for the Al nucleus is still two or
three times bigger than the experimental value. The
reason for the discrepancy is not clear in the present
stage; it might be improved by refinements of either
experiment or theory, or both.

D. Electrical conductivity

The electrical resistivity of stoichiometric LiAl in
the temperature range 77— 300 K measured by
Cristes et al.? indicates poor conductivity
(~2x% 107% Q cm at 273 K) with a linear increase
of the resistivity with temperature over the tempera-
ture range which is roughly 2 times and 7 times
larger than those of pure Li and Al, respectively.
Hall-coefficient measurements* have found p-type
conduction for LiAl. The present band structure
with shifted Fermi level as in Fig. 2 clearly predicts
the p-type conduction in the real defect-phase LiAl.
The large hole pocket surrounding I' overwhelms

the small electronic pockets at the X points. Since
the resistivity of LiAl must be closely related to the
existence of scatterers (vacancies on the Li sites and
Li atoms on the Al sites), it is difficult to discuss the
resistivity quantitatively at this stage. The abrupt in-
crease of resistivity? with Li concentration over

48 — 52 at. % might be closely correlated with the
increase of Li-atom defects on the Al sites,* since
the Li atom (valency 1) on the Al site (valency 3)
must be much more effective (roughly 2 times) as a
scatterer than a vacancy on the Li site.

So far, we have shown fairly successful compar-
isons of our calculations with the experiments of
magnetic susceptibility, Knight shift, and (more
qualitatively with) the electrical conductivity. We
hope further experiments, such as soft x-ray K g,

L j;_ 11 emission, specific heat, and nuclear spin lat-
tice relaxation rates at very low temperature will -
substantiate our calculation. Although a more ad-
vanced treatment of the random defects like the
coherent potential approximation would be desir-
able, the rigid-band treatment employed in the
present work is admissible, at least as a first step,
especially for the vacancies on the Li sites.

In conclusion, we find that the assumption of va-
cancy concentration is crucial in explaining the ob-
served properties of LiAl and, from the DOS dia-
gram it is expected that the properties are fairly
stable for Li-rich concentrations, whereas for Al-
rich compositions increasing DOS and different
properties are expected. Experimentally,® it is
found that Al-rich compositions actually give higher
NMR signals; this may be explained in the rigid-
band model but can also be due to vacancy or Al
cluster formation.

Finally, the origin of the discrepancy between our
results and those of Ref. 12 need to be understood.
The two methods differ greatly in their approach
and in the technical details of their execution. Our
muffin-tin LMTO results are, in principle, not as
accurate as the full potential results obtained with
the LCAO-DVM approach. However, there are
quite a few other differences between the two
methods which may also affect the results, including
questions about the LCAO-DVM procedure such as
variational freedom in the basis set, the number of k
points used in the SC procedure, how this affects
the determination of p(T), and, in the case of met-
als, Ep. Clearly, angle-resolved photoemission ex-
periments are needed to determine the dispersion of
the bands, particularly in the region around the X
point in the zone; this will yield a direct indication
of the validity of any band structure.



516 T. ASADA, T. JARLBORG, AND A. J. FREEMAN 24

ACKNOWLEDGMENTS

We are grateful to A. Zunger for discussions.
This work was supported in part by the NSF-MRL

program through the Materials Research Center of
Northwestern University (Grant No. DMR79-23573)
and the Department of Energy.

IE. Zintl and G. Brauer, Z. Phys. Chem. B 20, 245
(1933).

2p. Cristea, J. R. Wilhite, J. O. Brittain, and C. R. Kan-
newurf (unpublished).

3K. Kishio and J. O. Brittain, J. Phys. Chem, Solids 40,
933 (1979).

4K. Kuriyama, T. Kamijoh and T. Nozaki, Phys. Rev. B
21, 4887 (1980).

SL. H. Bennett, Phys. Rev. 150, 418 (1966).

6L. H. Schone and W. D. Knight, Acta Metall. 11, 179
(1963).

7Y. L Yao, Trans. Metall. Soc. AIME 230, 1725 (1964).

8W. Klemm and H. Friscke, Z. Anorg, Allg. Chem.
282, 161 (1955).

9J. R. Willhite, N. Karnezos, P. Cristea, and J. O.
Brittain, J. Phys. Chem. Solids 37, 1073 (1976).

10Several theoretical model approaches to elucidate the
origins of forming the B32 structure have been given
by: W. B. Pearson, Acta Crystallogr. Sect. B 24, 1415
(1968); J. E. Inglesfield, J. Phys. C 1, 1003 (1971); N.
B. McNeil, W. B. Pearson, L. H. Bennett, and R. E.
Watson, ibid. 6, 1 (1973); A. B. Makhnovetskii and

G. L. Krasko, Phys. Status Solidi 680, 341 (1977).

1D, E. Ellis, G. A. Benesh, and E. Byrom, Phys. Rev. B
16, 3308 (1977).

12A. Zunger, Phys. Rev. B 17, 2582 (1978).

13A. Switendick (unpublished).

14T, Jarlborg and G. Arbman, J. Phys. B 6, 189 (1976);
7, 1635 (1977); T. Jarlborg, ibid. 9, 283 (1979); 9,
1065 (1979), and thesis, Chalmers University of Tech-
nology, 1978 (unpublished).

150, K. Andersen, Phys. Rev. B 12, 3060 (1975).

161, Hedin and B. I. Lundqyist, J. Phys. C 4, 2064
(1971); L. Hedin, B. I. Lundqyist, and S. Lundqvist,
Solid State Commun. 9, 537 (1971).

17J. Rath and A. J. Freeman, Phys. Rev. B 11, 2109
(1975).

18The LMTO scheme blows up when we get near to the
I" point, resulting from the singularity in the structure
constant. Thus the eigenvalues at the I" point in Fig. 2
are carefully estimated by quadratic extrapolation. The
estimation seems to have satisfactory accuracy since we
obtain, in general, agreement within several mRy
between the estimated values using different paths to
the I' point.

9For example, J. R. Chelikowsky and M. Cohen, Phys.
Rev. B 14, 556 (1976).

20W. Hiickel, Structural Chemistry of Inorganic Com-
pounds, translated by A. H. Long (Elsevier, Amster-
dam, 1951), Vol. 11, p. 83.



