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For each of the compounds CsAu, LiAu, LiB, LiAl, LiGa, Liln, LiT], LiZn, LiCd, LiHg, Naln,
and NaTl the difference is calculated between the total energy of the compounds in the B2 (CsCl)
and B 32 (NaTl) crystal structures. The calculations are carried out over a pressure (P) range large
enough to predict pressure-induced phase transitions. The structural differences in free energy at
P =0 agree in sign with the observation of stable structures. The bonding of CsAu and LiAu appear
to be quite different: CsAu is ionic and LiAu metallic. In the present theory where only these two
structures are compared, CsAu has, at P =0, the B2 structure, but is predicted to undergo a transi-
tion to B32 at P =45 kbar. LiAu is, according to the calculations, not stable at P=0 in the CsCl
structure; it requires an external pressure > 145 kbar to exist in that structure. Trends of structural
energy differences for the I-II and I-III compounds are analyzed by the examination of charge dis-
tributions, partial pressures, and their relation to constituent-atom sizes.” The I-II and I-III com-
pounds which at P=0 have the NaT]l structure are predicted to undergo a structural phase transi-
tion at moderately high pressure (~200 kbar for LiAl). The bonding characteristics are examined
by calculation of (nonspherical) charge distributions. Further analysis is supported by “frozen-
potential” energy-difference calculations. The (hypothetical) LiB compound is the only one among
the Zintl phases studied here which is semiconducting. It is also the case in which the covalent
bonding is most pronounced. A few results of calculations for other compounds with structures re-
lated to those of the main topic of the work are also presented. These are for the pnictides, Li;Sb
and Cs3Sb, which, in spite of expected similarities, show substantial differences as far as charge dis-
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tributions are concerned.

I. INTRODUCTION

The density-functional formalism' and its approximate
description in the local-density approach?~> has been ap-
plied successfully in several theoretical predictions of
phase stability and pressure-induced phase transitions in
solids.®~® One reason for the recent rapid development of
this field of theoretical solid-state physics is the advent
of efficient and accurate methods of solving the
Schrodinger-like one-electron equation, such as the
linear-muffin-tin-orbital (LMTO) method,'© self-consis-
tent, norm-conserving pseudopotentials,’' =13 and linear
combination of Gaussian orbitals'>*~!® (LCGO). The
methods can now be refined to a degree which allows cal-
culations of vibrational frequencies, phonon anomalies,
forces, and elastic constants'®=2° in parameter-free ap-
proaches. The present work describes calculations of
structural energy differences for a series of intermetallic
compounds.

Some I-II metal compounds (LiZn, LiCd) and I-III
metal compounds (LiAl, LiGa, Liln, Naln, NaTl) crystal-
lize in the B 32 (Zintl?!) structure. These compounds have
attracted some interest in connection with technological
applications, in particular, LiAl which appears to be well
suited as electrode material of high-energy-density bat-
teries. The compounds listed here are all metallic, but the
I-IIT compounds have very low metallic conductivity.
They, at least LiAl, furthermore, have a defect lattice?>~2*
with a finite concentration of vacancies even at low tem-
peratures. The nature of the bonding has been subject to
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several discussions,?*~?7 all of which agree criticizing the

picture originally proposed by Zintl and Brauer?! and
Hiickel.?® They?""?® suggested that in the I-III com-
pounds, the alkali metal transfers its valence electron to
the other constituent atom, which then acts as Si in form-
ing a diamond lattice by usual sp® bonding. The electron-
ic structure of some of these compounds has been exam-
ined earlier; LiAl by Ellis et al.,?® Zunger,?” and Asada
et al.** Furthermore Asada et al.? calculated the band
structure of LiCd and LiZn. In spite of this we find fur-
ther calculations important, and we shall in the present
work essentially discuss the structural phase stability of
the compounds, and in some cases predict, by means of
the calculations, pressure-indiced structural phase transi-
tions.

The paper is organized as follows. The method of cal-
culation and the approximations used are briefly described
in Sec. II. This section also contains information about
the relevant crystal structures. Before discussing the I-II
and I-III compounds we wish to illustrate that the accura-
cy of our method of calculation is sufficient. This is part-
ly done in Sec. II, where the bcc—fcc structural energy
difference of Pd is calculated—a particularly difficult
case. Further examples are discussed in Sec. III, where
the P-V relation for GaAs and B2— B 32 structural ener-
gy differences for CsAu and LiAu are calculated. The
latter turns out to have some interest beyond that of being
merely a test case. Section IV contains the calculated
band structures for the I-II and I-III compounds together
with density of states, charge distributions, etc. The re-

207 ©1985 The American Physical Society



208 N. E. CHRISTENSEN 32

sults of the total-energy calculations, i.e., structural ener-
gy differences, equilibrium volumes, and predicted
structural phase transitions follow in Sec. V. In the dis-
cussion of the nature of bonding, it appears interesting to
include the pnictide compounds Li;Sb and Cs;Sb. These
calculations are described in Sec. VI. The last section
(VII) contains a summary and some concluding remarks.

II. CALCULATION

A. Method of calculation

The total energies are calculated within the local-
density approximation (LDA). The actual calculations
use the exchange-correlation functional of Ceperley and
Alder®® as parametrized by Perdew and Zunger.’® The
band structures are calculated self-consistently in the
“scalar relativistic scheme,”*!'~3 i.e., spin-orbit coupling
is omitted, except for the cases of LiTl and Cs;Sb. We
use the linear-muffin-tin-orbital method,'® and always in-
clude the so-called!® “combined-correction term” which
corrects for the finite number of terms in the angular-
momentum expansion (we include here terms with /<2),
and further it corrects for the nonspherical shapes of the
‘“cells.” This extension beyond the ‘“atomic-sphere ap-
proximation”!® (ASA) is necessary for calculation of total
energies.”® This also was clear from our calculation of
elastic shear constants.”’ The corrections due to this term
at particular levels (I'§, T'{s) in the semiconductors in the
zinc-blende structures (GaAs) can be quite large’>3® (~1
eV!). In general, however, the effects of the correction on
structural energy differences are not correspondingly
dramatic. For example, trends and signs of the structural
energy differences through the transition-metal series can
be well accounted for even by means of the ASA scheme
alone. Difficulties appear,>**> however, at the upper end
of each transition-metal series. For Pd and Au, for exam-
ple, the ASA functional predicts the bce structure to be
stable.>* This is illustrated in Fig. 1, where the dashed

curves represent the ASA total energies of Pd (fcc and

bee) as functions of the Wigner-Seitz radius S. The bee
energies clearly are below those of the fcc lattice. Further,
the values of S for which the energy is minimum,
S9=2.83 a.u., is somewhat too low compared to experi-
ment, S=2.873 a.u. The curves drawn with solid lines in
Fig. 1 represent the total energies calculated with in-
clusion of the combined-correction term. In this case the
fcc energy is the lower, and, in addition, the predicted
equilibrium volume is now in excellent agreement with ex-
periment (Fig. 1).

The ASA total-energy functional includes only the
! =0 contribution to the intercellular Coulomb interac-
tion. This term vanishes in monoatomic solids, and is for
compounds given by the Madelung energy. Some im-
provement over this approximation can be obtained by
calculating the intercellular interactions in a muffin-tin
model, i.e., assuming that the charge distribution is spher-
ical symmetric inside nonoverlapping muffin-tin spheres
and constant in the interstitial region. This muffin-tin
correction, suggested by Glotzel and Andersen’® was em-
ployed in several cases by McMahan and Skriver (see, for
example, Ref. 8). There are cases where the contributions
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FIG. 1. Total (valence electron) energy (arbitrary reference
energy) for bec and fec Pd versus Wigner-Seitz sphere radius
(S). Dashed curves, self-consistent relativistic ASA; solid
curves, self-consistent LMTO with inclusion of the ‘“‘combined-
correction term” (see text and Ref. 10).

from the muffin-tin correction®”3® term are quite impor-
tant, and where the ASA functional alone would lead to
rather inaccurate results. The calculation of ¢/a ratios
for hexagonal transition metals represents such a case.
Figure 2 shows self-consistent calculations of the total en-
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FIG. 2. Calculated variation of the total energy of Ti (hexag-
onal) with the value of ¢/a. The dashed curve was calculated
within the approximations used to deduce the solid curves in
Fig. 1. The dashed-dotted curve is the intercell interaction ener-
gy calculated by assuming a charge distribution of the muffin-
tin type, i.e., it is assumed that p(r) is spherically symmetric in-
side the (nonoverlapping) muffin-tin spheres and constant in the
interstitial region.
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FIG. 3. (a) Face-centered-cubic structure with four basis
atoms. The lattice constant is a. (b) (110) plane of the structure
in (a) (see Table I).

ergy of Ti (dashed line) versus c¢/a, and it is seen that no
minimum occurs. Only after addition of the “muffin-tin”
correction (dashed-dotted line) does the curve (solid line)
exhibit a minimum, and the predicted value of c/a is
close to the experimentally observed ratio. Similar con-
clusions were reached by Skriver.3>3

The calculations described in the following section in-
clude the corrections described here. It is emphasized,
however, that the effects on the structural energy differ-
ences between the B2 and B32 structures are much less
pronounced than suggested by the examples above. These
are extreme cases. Not for a single compound studied in
Sec. IV did we find structural differences of the muffin-
tin correction big enough to reverse the sign of the differ-
ence in free energy at zero pressure, i.e., to affect the con-
clusions about the most stable structure. If, on the other
hand, it had turned out, for the structure determination,
to be crucial whether the corrections are included or not,
then further refinements should also be examined. In that
case we would have had to investigate the change in the
total energies due to the actual nonsphericity in the charge
distributions.>*4°

B. Crystal structures

A large number of cubic compound crystal structures
can be derived from the structure illustrated by Fig. 3.
We consider this to represent a face-centered-cubic struc-
ture with basis atoms A4, B, C, and D. The lattice con-
stant is a. If all atoms are identical, Fig. 3 represents the
bce structure with lattice constant equal to a /2. Letting
A and B be equal and C and D vacant, the structure is
that of diamond. We give, in Table I, the structure identi-
fication for some choices of occupancy of the four sites in
the basis. More detailed descriptions and excellent re-
views may be found in Refs. 41—45. Table I shows, for
example, that LiAs in the CsCl structure (B2) would be
derived from the B 32 structure by interchanging the Li
and Al atoms on sites C and D. The representations in
Fig. 3 and Table I of the diamond and zinc-blende struc-
tures simultaneously describe the division of space em-
ployed in our actual LMTO calculations for such crys-
tals.*=52 The LMTO method is particularly accurate for
close-packed structures, and therefore “empty spheres”
are introduced in the diamond-type lattices (E and E 1,E2
in Table I). These are “atomic spheres” with no nuclear
charge, but with finite electronic charge density after
completion of the self-consistency iterations. Also, the
LMTO calculations of ternary Zintl-phase compounds,’
examples of which are given in Table I (footnote d), em-
ploy empty spheres. Thus, GaAs as well as MgCuSb, in
our description, both have four inequivalent “atoms” in
the basis.

III. EXAMPLES: GaAs, CsAu, AND LiAu

This section describes briefly calculations of the elec-
tronic structures of some compounds in the crystal struc-
tures presented in Sec. IIB. Details of LMTO calcula-
tions for the “test cases” which are chosen may be found
elsewhere.3>3%%4=36  The present calculations for CsAu
and LiAu, however, differ from those of Refs. 54 and 55
by treating the CsCl structure as the structure described in
Sec. II, i.e., the basis contains two formula units, and the
Bravais lattice is taken to be fcc. Further, these two com-
pounds are here also studied in the (hypothetical) B32
(NaTl) structure, and B2—B32 structure energy differ-
ences are calculated.

The local-density' approximation to the density-func-
tional theory for exchange and correlation leads to s-p
valence bands of GaAs that appear to be in excellent
agreement with experiments. The conduction bands, on
the other hand, lie far too low.>»%® The gap is only 0.25
eV, ie., % of the experimental value. It was found*® that
the 3d-core states have to be treated as band states, i.e.,
they cannot be included in a “frozen” core. The cohesive
properties of GaAs are affected by the Ga 3d states which
contribute somewhat to the bonding. They give at the
equilibrium volume a numerically small, negative-pressure
contribution, and with these states relaxed, we get an al-
most perfect agreement with the experimental®’ lattice
constant, bulk modulus, and the experimental pressure.
derivative of the bulk modulus. This is illustrated by Fig.
4, where the calculated P-V relation for GaAs is com-
pared to the experimental®’ data.
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TABLE 1. Examples of crystal structures derived from Fig. 3 by different choices of occupation of the sites 4, B, C, and D.
Position 4 Position B Position C Position D
Structure Name Example (0,0,0) ( :l;, %, % ) ( %, %, -i— ) ( %, %, % )
A2 bee Cs Cs Cs Cs Cs
B2 CsCl CsCl Cs Cl Cl Cs
B3 diamond Si? Si Si E E
zinc blende
(sphalerite) GaAs® Ga As El E2
B32 NaTl NaTl Na Tl Na T1
L2, Heusler alloys Cu,MnAl Cu Mn Al Cu
DO, BiF; B-Li;Sb* Sb Lig, Lig, Lio,
B1 NacCl NaCl* Na E E Cl
Cl1 CaF, Mg,Sn Sn Mg Mg E
Cly d MgLiSb Sb Mg Li E
d MgCuSb Sb Cu E Mg

2E means ‘“‘vacant.”
5The two vacancies E 1 and E2 are inequivalent.
‘Two-Li positions (Li(;,) are equivalent.

dThese compounds are the Zintl phases of the CaF,- and antifluorite-type structures (Refs. 41—44).

CsAu is—at ambient conditions—a strongly ionic semi-
conductor, and it is known to crystallize in the CsCl
structure. We show, in Fig. 5, the band structure of CsAu
calculated in the scalar-relativistic scheme (i.e., spin-orbit
coupling is omitted.) The band structure in Fig. 6 is cal-

150fK GaAs
:\-x — Theory
100F \x x  Experiment
= I \, (Hanfland+Syassen)
5 L
0 L
a 50+ X
ey r \x
3 o
a h
3} -
a O \x
_5011111J11111111||
0.96 098 1.00 1.02
a/aq

FIG. 4. Pressure ( P) versus lattice constant (a) for GaAs cal-
culated (solid line) from self-consistent relativistic LMTO band
structures. The ‘“empty spheres” are included (cf. Sec. II), and
the Ga 3d core states are “relaxed.” The crosses indicate experi-
mental results by Hanfland and Syassen (Ref. 57). The equili-
brium lattice constant is denoted ay (=5.654 A).

culated for the B32 structure, i.e., with the Cs and Au
atoms in positions D and C (Table I) interchanged. CsAu
is also, in this structure, a semiconductor. The zero-
temperature free energies of the B2 and B32 phases are
shown in Fig. 7 as functions of the (calculated) pressure.
Clearly, at P =0, the CsCl structure has a lower free ener-
gy than the NaTl structure (lower by 7.5 mRy/atom), in
agreement with observation that B2 is stable. The free
energies shown in Fig. 7, suggest that the CsCl structure
is not the stable®® high-pressure phase, at least for P
exceeding P ~40 kbar. This must be taken into account if

0‘5: AuCs (B2) ]
,;: /X /\/
= AP :
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FIG. 5. Band structure of CaAu at the experimental equili-
brium volume in the CaCl ( B2) structure. The bands are shown
along symmetry lines in the fcc Brillouin zone as discussed in
the text (Sec. II, Table I).
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FIG. 6. Self-consistent LMTO (scalar relativistic) band struc-
ture of CsAu in the B 32 structure. The volume is the same as
used in the calculation of Fig. 5.

one attempts>* to predict the pressure at which CsAu be-
comes metallic.

RbAu is somewhat similar to CsAu in the sense that it
is an ionic semiconductor which crystallizes in the B2
structure. The stoichiometric compounds of Au with the
alkali metals Li, Na, and K, on the other hand, are met-
als. The crystal structures of these metallic compounds
are intricate and not well known—in fact, to our
knowledge, the structures of KAu and NaAu are com-
pletely unknown. The LiAu compound is often reported
to have the CsCl structure which intuitively appears
surprising in view of the complexity of the structures of
the other two metallic compounds. It is in fact stated>*
that LiAu has not been observed in the B2 structure at
stoichiometric composition. Only*>%® for compounds
with 44—45 at. % Au this structure has been established
(or maybe more precisely a CsCl-derived structure, since
some Au atoms are replaced with Li). In view of this we
felt it would be interesting to compare the free energy cal-

0.0

0) (Ry/cell)

G(T

1 1
-20 0] 20 40 60
P (kbar)

FIG. 7. Pressure dependence of Gibbs free energy (T'=0 K)
(arbitrary reference) for CsAu in the B2 and B 32 crystal struc-
tures per two formula units, i.e., per primitive cell in the struc-
ture description of Table I.
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FIG. 8. Calculated total energies for LiAu in (hypothetical)
B2 and B32 structures. [4(47/3)S3=a>/4, where a is the lat-
tice constant as defined in Fig. 3.]

culated for LiAu in the CsCl structure to the energy in
another one, and we have chosen, as this other structure,
the B32 structure. The total energies as functions of
average atomic sphere radius are shown in Fig. 8. It fol-
lows clearly from Fig. 8, and from Fig. 9 which shows the
Gibbs free energy, that LiAu according to the present
theory cannot be stable at P =0 in the CsCl structure.
The free energy of the B32 is much lower, ~47 mRy/(4
atoms) below the B2 energy. However, if the B 32 struc-
ture in reality were® the stable structure, a transition to
the B2 structure could be induced by applying a rather
moderate pressure, P, ~ 145 kbar (Fig. 9).

A common feature of the alkali-metal—gold com-
pounds is the large deviation®*>® from Vegard’s rule. The
most ionic compound, CaAu, is most contracted, and
LiAu is the compound with equilibrium volume closest to
the one which is ideal according to this rule. Still, howev-
er, LiAu has a volume contraction of ~20%. Consider-
ing the chemical compositions of LiAu and CsAu one
might expect -these two compounds to have many proper-
ties in common. This is not the case. Rather, they appear
to be surprisingly different. The calculations described
above already indicate some of these differences—CsAu is

0
S 05f
o
=
o
S-10F
Lot
e P=145 kbar
_]'5 1 1 1 1
-100 o} 100 200 300 © 400
P (kbar)

FIG. 9. LiAu. Gibbs free energy for B2 and B 32 structures
Versus pressure.



212 N. E. CHRISTENSEN 32

a semiconductor whereas LiAu is a metal. CsAu crystal-
lizes in the B2 structure and only under pressure can the
B32 structure be stable. The other compound, LiAu,
behaves, expressed somewhat imprecisely,® in the oppo-
site fashion. We may explain this in terms of the much
smaller size of the ionic core of the Li atom as compared
to that of cesium.’! The compounds NaAu, KAu, RbAu,
and CsAu all deviate more from Vegard’s law than does
LiAu, but nevertheless LiAu is the only compound for
which the average atomic-sphere radius S at equilibrium
is smaller’* than that of pure gold. As a result, marked
differences in state occupancies and partial electronic
pressures are found when comparing CsAu and LiAu.
Firstly, the gold 5d band is much broader in LiAu, and
the partial®?> electronic pressure associated with these
states is much larger®® than in CsAu. This is illustrated in
Fig. 10, where we show, for the B2 as well as the B32
structures, the gold d pressures as functions of the total
pressure. At P =0, the gold d states give small pressure
contributions in both CsAu crystals, whereas they, in
LiAu, are almost 10 times as large. It is noted, for LiAu,
that the Au d pressure (for P>0) is larger in the B32
structure than in the CsCl structure. Thus, considering
only these partial pressures, we would conclude that the
Au d states favor the B2 structure—in contrast to the to-
tal effect, summarized in Figs. 8 and 9. This structure is
even more favored by the Madelung contribution to the to-
tal pressure. Considering an arrangement of point charges
of equal magnitude, but opposite signs, in the B2 and
B 32 structures, it is obvious from purely geometrical con-
siderations that the B2 structure will have the lowest
Madelung energy (i.e., largest in magnitude). This is
indeed also what is found in the actual® calculations, as
shown in Fig. 11. The Madelung terms are large in mag-
nitude in LiAu, particularly for the B2 structure. This is
a second consequence of the small Li core radius that the
“charge transfers” are large® in this compound. The
difference between the Madelung terms shown in Fig. 11
reflects only partly the difference in the geometrical ar-
rangement. In addition, the excess number of electrons®
in the Li spheres is considerably larger in the B2 structure

150
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| Au-d partial pressures// LiAuB32
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FIG. 10. LiAu and CsAu. The calculated partial pressure
from the gold d states as a function of the (calculated) total
pressure. The Au d pressures in LiAu are much larger than
those in CsAu due to the small ionic core of Li.
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FIG. 11. LiAu. Madelung energy as a function of atomic-
sphere radius. In the present LMTO calculation we have chosen
the LI and Au spheres to have the same radii, S (see also notes,
Refs. 62 and 63).

than in the NaT] structure; see Fig. 12. It follows that the
smaller Li-core radius leads to two effects, as discussed
above, that both tend to favor the B2 structure over the
B 32 structure, and the fact that B2 does not seem to be
stable for LiAu, whereas this is the case for CsAu, ap-
pears now much more surprising. The solution to this
puzzle follows, however, by examining the occupancy of
alkali-metal p states. The free Cs and Li atoms have no
valence p states (in the present®! treatment). The number
of Cs p states resulting from hybridization upon alloy for-
mation is small, ~0.15 electrons/atom at equilibrium.
They give, at equilibrium, and for compressed lattices, a
positive partial pressure. The situation is quite different
in LiAu, where the large excess charge in the Li sphere
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0.8

0.6

AQ

0.4

0.2

O 1 . L n ! L 1 1

2.7 2.8 2.9 3.0 3.
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FIG. 12. Excess number of electrons in the LI sphere (see

Ref. 64) in LiAu.
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FIG. 13. Number of p electrons in the Li sphere in LiAu
versus atomic-sphere radius.

appears as p states; see Fig. 13.

At zero pressure, these p states produce a negative pres-
sure, and although the number of Li p electrons is smaller
in the B32 structure, they give there a stronger bonding
contribution than in the CsCl structure (Fig. 14). Further,
the p-state partial pressure remains negative, Fig. 14, over
a large range of compression. Thus in LiAu there are two
compensating effects resulting from the small Li core:
the positive Au d pressure and the bonding (negative) Li p
contribution. They determine the equilibrium volume,
however, also competed by the Madelung term. The rapid
increase in magnitude of this term in the B2 structure
with compression (Fig. 11) and the simultaneous satura-
tion of the bonding effect from the Li p states (Fig. 14)
then drive the transition into the B2 structure. The situa-
tion for CsAu may be characterized as the opposite: the
larger alkali-metal constituent is “compressed” in the al-
loy, but Au is “expanded.” Electrons are transferred from
Cs to Au, and the ionic compound is formed. In CsAu
there is no large positive Au d pressure to be compensat-
ed, and the equilibrium structure is mainly determined by
Madelung energy of the ionic charges. Under compres-
sion, the ionicity increases more rapidly for the B32
structure (not shown here) than for B2, and eventually the
Madelung term drives CsAu from B2 into B32 under

pressure.®
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FIG. 14. Alkali-metal p-state partial pressures as functions
of the total (calculated) pressure for CsAu and LiAu.
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FIG. 15. Band structure of Si calculated by the LMTO
method (“empty spheres” are included) and using the local-
density approximation. Note the qualitative similarities between
this band diagram and that of LiAl (Fig. 16).

There are several reasons why it has been considered
worthwhile to include LiAu and CsAu in the present
study. First of all, the alkali-metal—gold compounds
have interesting physical properties. Although they are
considered to form a series with smooth trends, it follows
from the discussion here that the compounds at the two
opposite ends of this series, in fact, have more remarkable
differences than similarities. Further, the behavior of Li
in LiAu resembles very much that in the Li compounds
discussed in the following, particularly concerning the
large number of Li p electrons and the important role
which they play in the binding of the crystals.

IV. BAND STRUCTURES OF I-1I
AND I-IIT COMPOUNDS

Qualitatively, the band structure of LiAl and the other
compounds have similarities with the group-IV semicon-
ductors Si and Ge. This can be seen from Figs. 15 and 16,
respectively, which show the energy bands calculated
within the local-density approximation for Si and LiAl,
the latter in the B32 structure. LiAl has a small gap at
I, and its lowest “‘conduction band” drops down near X,

N W\

05
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LiAl 832I :
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FIG. 16. Band structure calculated for LiAl in the B32
structure.
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FIG. 17. Number of p electrons in the Li and Al spheres in
LiAl as functions of sphere radius S. Results for the B32
(dashed lines) as well as B2 (solid lines) structures are shown.
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very similar to the case of Si. However, in LiAl this band
drops so far down that at X it lies below the p-band top
[ys at T, and LiAl is a metal (or semimetal). Zunger®’
and Asada et al.?* studied the band structure of LiAl, and
their results are quite similar to ours (Fig. 16). From his
detailed analysis, Zunger?’ concluded that the bonding in
LiAl is a composite of covalent ionic character in the
Li—Al bonds and metallic A1—Al bonds, while the Li-Li
contacts are essentially nonbonding. References 24 and 27
also agree in the discovery of a large promotion into Li p
states just as we also find here, and as was found (Sec. III)
for LiAu. Figure 17 shows the volume dependence of the
p occupancies for Al and Li in LiAl in the B2 and B32

LiAL $=2.95.
PLANE: 110

PSEUDO-MTO DENS.

1
pes——

FIG. 18. Electron-density contour plots in the (110) plane of
LiAl. Only valence states are considered. The numbers on con-
tours give the density in 102X [number of electrons/(bohrs)’].
The density which is plotted is the “pseudo-MTO” density (see
Ref. 40). It is very similar to what would be obtained from
pseudopotential calculation.

Si S=2.53.
PLANE: 110

PSEUDO-MTO DENS.

FIG. 19. Similar to Fig. 18, but for Si.

" structures. For Al as well as Li there are substantially in-

creased numbers of occupied p states over those of the
free atoms. It further follows from Fig. 17 that the num-
ber of Al p states is larger in the B 32 structure than in
B2, whereas the opposite is found for the Li p states.
Zunger?’ concluded that no indication of a Li*Al~ ionic
structure could be found. We have calculated the charge
distribution in bcec Li, becc Al, and LiAl all self-
consistently at the same atomic volumes (i.e., same S).
The difference in radial charge for Al (pure) and Al in the
compound, and similar results for Li, show that in LiAl a
large part of the charge redistribution takes place in the
outer part of the atomic spheres, as is characteristic for
metals. [CsAu represented, on the other hand, a typical
ionic case (see Refs. 54 and 55), since their electrons were
transferred to the inner part of the Au sphere.]

The details of the bonding are, of course, not easy to
deduce from the charge densities which have been spheri-
cally averaged. We have therefore calculated the non-
spherical electron distributions. In Fig. 18 we show the

T T T T T T T

LiIAl B32

40t

20

ENERGY (mRy)

-10 I 1 1 I
24 26 28
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FIG. 20 LiAl. Volume dependence of some I'-L and I'-X en-
ergy differences.
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“pseudo-muffin-orbital” density*® for LiAl in the B32
structure. There is a clear pileup of charge in the Al—Al
bonds. It is interesting to compare the density contours of
LiAl to those obtained for Si (Fig. 19). The self-consistent
band structure (Fig. 15) and the density contours (Fig. 19)
of Si were calculated by placing “empty spheres” at posi-
tions A and B (Fig. 3) and Si on C and D, i.e., Fig. 19
corresponds to Fig. 18 in the sense that Li has been re-
placed by an “empty sphere” and Al by silicon. The simi-
larities between the Si contour plot and that of LiAl are
striking. Considering the actual values of the densities
(Figs. 18 and 19), it follows that the maximum density in
the Al—Al bond is considerably lower than that in Si; the
ratio is approximately 0.5. This mainly reflects the fact
that the volume of Si is smaller than that of LiAl,
Vsi/Viiai~(2.53/2.95)*~0.63. This difference in
volume is, of course, a consequence of the bonding in Si
being stronger than that in LiAl, but in spite of this
difference in “strength,” we conclude that the bonding na-
ture in LiAl is very similar to that in Si. Thus, in the case
of LiAl, we arrive at a bonding picture which, at least ap-
proximately, is not very far from the model originally
suggested by Zintl and Brauer.?! The finding that there is
an (approximate) formation of sp® hybrids in LiAl is in
accord with the comparison to pseudopotential perturba-
tion theory, which will be discussed in Sec. VB. The fact
that we could not, from the charge distributions in the
spherical model, find an ionic structure (as mentioned
above) does not represent any controversy with the bond-
ing picture outlined here. It simply reflects the fact that
the spherical charge-distribution approximation in con-
junction with an arbitrary choice of space division (in this
case, into equally sized spheres) only allows very crude
distribution models. ’

LiAl is metallic in the B 32 structure (Fig. 16 and Refs.
24 and 27). Since the X; level moves upwards with
respect to the I'ys state under compression, it might be ex-
pected that a metal-insulator. transition could occur in
LiAl when a pressure is applied. This is not the case, as
follows from Fig. 20, where the volume dependence of
some energy differences is shown. At equilibrium there is
an indirect I'-L gap (and, of course, a “negative” I'-X
gap), but the I'-L gap is quickly closed when the volume
is reduced. Neither by compression nor by expansion (in
the regime considered here) do we find any isostructural
metal-insulator transition. The metallic character is even
more pronounced in the band structure when calculated in
the CsCl structure, since the X, level there drops far
below the p-band top at I'. We have decided to illustrate
this by showing the B2 and B 32 band structures, Fig. 21,
for another compound in the same family, LiCd. In B32
structure [Fig. 21(a)] the gap at T is closed, and, in addi-
tion (as in LiAl), X lies slightly below I'}s. LiCd in the
B2 structure has a gap at I', but the gap at L is now
closed [Fig. 21(b)], and, as mentioned above, the X, level
has dropped down. The band structure of LiCd further
differs from that of LiAl by the presence of the high-lying
Cd d bands. They are (Fig. 21) located just below the
Li s—band bottom, and are sufficiently wide to contribute
essentially to the bonding. This compound in the B32
structure was studied together with LiZn by Asada

(a)

LiCd
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FIG. 21. (a) Band structure of LiCd in the B 32 structure

which is the stable one at zero pressure. (b) LiCd. Band struc-
ture calculated for the CsCl structure at zero pressure.

et al.,”® who described the large number of p states also
found here as an intrasite s to p promotion.

Proceeding to LiTl, the closing of the gap becomes
more “efficient,” as can be seen from Fig. 22, which
shows the results of the (scalar-relativistic, as in the previ-
ous cases) band calculations for B2 as well as B32 struc-
tures. The TI s state, I'y, lies far below the I'js state (p-
like, mainly T1). The relativistic effects are here large,
and they push the T1 s state down (cf. CsAu, Refs. 54 and
55). The Fermi surfaces are entirely different in the two
structures. The T1 p states which, in the CsCl structure
[Fig. 22(b)] are above Ep, have, in the NaTl structure,
moved below Ef, and also the X levels are shifted dramat-
ically. TI has Z =81, and therefore spin-orbit splittings
are large. The spin-orbit coupling was included in the
band-structure calculation used to produce the density-
of-states curves shown in Fig. 23.

LiT1 is the only compound among the I-III compounds
studied here that clearly, according to the calculations
(Sec. V), prefers the CsCl structure to B32. Sodium thal-
lide, on the other hand, has the B32 structure, which is
often also simply referred to as the NaTl structure. A
comparison between calculated characteristic parameters



216 N. E. CHRISTENSEN 32

TABLE II. Occupation numbers (n;), “charge transfer” (AQ, see Ref. 64), and Madelung energy (see
Refs. 62 and 64) for LiTl and NaTl calculated self-consistently. Results are shown for two volumes
(S5'=3.00 and 3.20 a.u.) and two crystal structures (B2 and B 32).

n1(M1) n,(Mm)
s s

Compound, p p

structure S (a.u.) d d AQ=n(M;)—2Z,, Enag (Ry)

LiTl, B2 . 3.00 0.464 1.380
0.916 1.104 0.55 —0.574
0.274 9.862

LiTl, B32 3.00 0.386 1.350
0.744 1.416 0.41 —0.143
0.214 9.890

NaTl, B2 3.00 0.470 1.440 .
0.688 1.210 0.45 —0.322
0.332 9.860

NaTl, B32 3.00 0.382 1.268
0.534 1.550 0.18 —0.041
0.274 9.892

LiTl, B2 32 0.456 1.490
0.796 1.106 0.34 —0.296
0.234 9.918

LiTl, B32 32 0.278 1.468
0.644 1.392 0.21 —0.047
0.186 9.950

NaTl, B2 3.2 0.464 1.535
0.712 1.200 0.30 —0.152
0.272 9.918

NaTl, B32 3.2 0.380 1.484
0.476 1.488 0.077 —0.007
0.222 9.995

for these two compounds is therefore interesting, and
some data obtained from the self-consistent calculations
at two different volumes are listed in Table II. A com-
mon feature of all eight calculations listed in this table is
the large number of p electrons®® on the sites of both con-
stituents, 4 and B. The sum n,(My)+n,(Myy) is close to
2 in all cases. For a given compound the B2 structure
has more M7 p states than the B 32, whereas the opposite
occurs for the My p states. At a given volume, there are
more Tl p states in the NaTl compounds than are found
in LiTl at the same volume. On the other hand, the Li p
occupancies are larger than the Na p values. Table II also
gives the excess number®>—% of electrons in the M;
sphere, and the Madelung energy.

V. TOTAL-ENERGY CALCULATIONS
FOR I-II AND I-III COMPOUNDS

A. Structural energy differences derived from calculations
that are self-consistent for both crystal structures

The total energies and electronic pressures have been
calculated (as functions of volume) for LiB (see Fig. 24),

LiAl, LiGa, Liln, LiTl, LiZn, LiCd, LiHg, Naln, and
NaT], for the B2 as well as the B32 structure. All the
calculations are self-consistent LMTO scalar-relativistic
ones, and include the corrections mentioned in Sec. II.
We show in Figs. 25—28 the results for four Li com-
pounds, LiAl, Liln, LiCd, and LiTl. First, it is seen that
LiAl and LiTl represent extreme cases in the sense that
the former is predicted to favor the B 32 structure at zero
pressure, whereas the CsCl structure is more stable in the
case of LiTl. This is in agreement with the observations.
Secondly, the structural energy difference between the B2
and B 32 phases as calculated for Liln and LiCd at am-
bient pressure are very small-—according to the theory
they both tend to prefer the sodium thallide structure, but
transitions to the B2 structure are easy to provoke by ap-
plying small pressures. These (marginal) results are quite
interesting since experimental observations indicate that
LiIn and LiCd crystallize* in the B 32 structure, but they
(at least LiCd) are often also found to exist in the CsCl
structure. It follows from our total-energy calculations
that those compounds that, at zero pressure, have the B 32
structure all undergo structural phase transitions when
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FIG. 22. (a) Band structure of LiTl in the B32 structure

(spin-orbit coupling omitted). (b) Same as (a) but for the CsCl
structure.

pressure is applied—at elevated pressures the CsCl struc-
ture becomes more stable than the B32 structure. We
have not, in the studied pressure regime, seen evidence for
a B2—B32 transition for LiTl, i.e.,, we do not expect an
instability similar to that predicted for CsAu.

The compounds with sodium, Naln and NaT], are both
predicted to be much more stable in the B32 structure
than in that of CsCl.

Figure 29 summarizes the predictions of phase stability
of the compounds which we considered here. Shown is
the structural difference in free energy (enthalpy) as a
function of the atomic number of the group-II or -III con-
stituent. Smooth trends are predicted, when the data are
presented in this way. In the “low-Z end” the B 32 struc-
ture is the stable one, but it becomes progressively more
unstable with increasing Z My At the “high-Z end” the

Li compounds are predicted to prefer the CsCl structure
(Fig. 29). From this graph we would also predict, for ex-
ample, that LiHg has a lower free energy in the B2 struc-
ture than in B 32, which is in agreement with experiments

and our actual calculation (Table III).
A comparison with experimental data, to the extent

that they are available,’*~7° is made in Table III. Here we
summarize the signs of the structural free energy as ob-
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FIG. 23. Density of states (DOS) and number of states (NOS)
for LiTl with spin-orbit coupling included. (Partial—density-of
states functions may be obtained from the author.)

served, the values calculated, as well as the calculated
values of the equilibrium volumes (expressed in terms of
the lattice constant a), and the bulk moduli. In addition,
we give (Table III) the values, P, of the pressure which,
according to the calculations, it is necessary to apply in
order to provoke a transition from the B32 to the B2
structure. Apart from the observation* mentioned earlier
that LiCd at P~0 has been observed in both structures,
no experimental results for these transition pressures are,
to our knowledge, available.

The calculations which have been performed for the I-
II and I-1II compounds here agree well with experiments
in the sense that equilibrium structures and volumes cor-
respond to the observations. A further analysis is, howev-
er, important, and it must answer at least the following
questions: (i) Why does LiAl prefer the B32 structure
and LiTl the B2? (i) Why does the interchange of Li
with Na in the Tl compound make the B32 structure
markedly more stable than the CsCl structure? (iii)
Which physical mechanism “drives™ the structural phase
transition B 32— B2 under pressure?

Although we do not claim that we were able to carry an

ENERGY (Ry)

\A

-1.0
L r X U K r
FIG. 24. Band structure calculated for LiB in the (assumed)
B 32 structure. The (average) atomic-sphere radius is $=2.2
a.u., corresponding to a volume close to the theoretical equilibri-
um.
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FIG. 25. LiAl Calculated total energy (arbitrary reference)
as a function of atomic-sphere radius S.

equivalent analysis through in fully satisfactory detail for
the alkali-metal—gold compounds (Sec. III), we did gain
some insight into the physics determining the stability cri-
teria by discussing the effects of the Li core being much
smaller than that of Cs, and by examining partial occupa-
tion numbers and partial pressures. A similar attempt
will be made here, although some of the quantities are
model dependent,®>% which complicates the analysis
somewhat. In explaining why the B32 structure is more
stable than B2 for LiAu at P =0, we argued that the
strong hybridization®® between the Au d states and Li p
states—due to the small size of the Li core—on one hand
leads to a positive d pressure, which, however, could be
compensated for by the bonding of the Li p states. The
situation is similar in LiAl, although Al does not possess
d states, as does gold. A strong hybridization between Al
s and Li p leads to differences between the stability of the
two structures. In B 32 this hybridization implies that the
Li p pressure is sufficiently large in magnitude (and nega-
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FIG. 26. Liln. Total energies for B2 and B 32 structures.

FIG. 27. LiCd. Total energies for the B2 and B32 struc-
tures.

tive) when compared to that in B2 to make the former
structure more stable, at P =0. The partial pressures as
functions of the calculated total pressure are shown in
Figs. 30 and 31, and, further, we give, in Table IV, the
partial pressures for both structures at P =0. Table IV
shows that the bonding due to the Li p—promoted states
is, at equilibrium, considerably stronger in the B 32 struc-
ture. On the other hand, the Al p states tend to favor the
B2 structure, but their negative-pressure contribution is
compensated for by the much larger Li s pressure in that
structure. In order to examine in more detail the Li and
Al s pressures, and the origin of their different magni-
tudes in the two crystal structures, we may use a decom-
position of an approximate3®7' =73 pressure expression:

i\ (kY —c)2 P
Sins T ENTC s |

(3PQ); =~ —ny (1)

100

.. LiTl

&)
(@)

Eiot (MRy/(4atoms)

O 1 1 L Il 1
3.0 3.2

S (a.u)
FIG. 28. LiTl. Total energies for the B2 and B32 struc-
tures.
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FIG. 29. Structural B 32— B2 difference in Gibbs free energy
for the I-II and I-III compounds considered at P=0 and T =0,

plotted against the atomic numbers ZMII and ZMm of the

group-II and -III constituents, respectively.

where the derivatives are calculated for the “frozen-
potential” virtual expansion,*®’! C; and (E), are the
band-center parameter and the “center of gravity” of the /
band, W), is the bandwidth parameter, and #; is the num-
ber of (occupied) states in the / band. For further descrip-
tion of these quantities, we refer to the works on the
LMTO method, Refs. 10 and 71—73. The partial pres-
sure, Eq. (1), may be expressed as a sum of three terms,
P“, P]z, and P13, where

2
3P“Q=%[C,—V(S)+,uxc(S)——exc(S)] , @)
!
3P129=n](<E>1’_C1) 2l+1+”l_] ’ (3)
l
. 2S2
W= EY—C) 5=y
X[C)— V(S)+ el S) — €xe(S)] . @)

100

u
o

I
(o
o

Partial Pressure (kbar)
o

-100 bt U ST R S S S SR
-100 : 0 100 200
P (kbar)

FIG. 30. Partial pressures for LiAl in the B 32 structure.
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FIG. 31. Partial pressures for LiAl in the B2 structure.

Here, ; is the mass parameter,'® and D, the logarithmic
derivative'® of ,; [the energy derivative of the radial [/
partial wave evaluated at E=E, (Ref. 10)]. V(S),
Hx(S), and €,(S) are the potential, exchange-correlation
potential, and exchange-correlation energy density, all
evaluated at the atomic-sphere surface. We give in Table
V the values, for the Al s and Li s states at P =0, of C, u,
n, [C—V(S)+u—e], and (E) —C. The values listed in
Table V show that the difference between the Li s pres-
sures in the two structures is mainly given by the structur-
al differences in P y; s, 1.e., the first term [Eq. (2)] in the

approximate pressure relation. The calculation shows that
V 4+€e—pu in the Li sphere ~50 mRy larger in the B32
structure than in the CsCl structure, and this is due to a
larger electron density in the outer part of the Li sphere
when calculated (self-consistently) in the B2 structure.
This charge-density difference reflects the differences in
the environment of the Li atoms. In the CsCl structure Li
has eight “large” nearest neighbors, Al, whereas it has
only half as many nearest neighbors with the longest rang-
ing radial wave functions in B32. This is also reflected in
the larger “electron transfer” numbers AQ (cf. also Table
II) found for the B2 structure. This picture simultane-
ously explains why the (outer) Al p states are fewer in the
B2 structure than in B32, as also follows quantitatively

~ from Fig. 17. We further understand then that the Al p

partial pressure increases more rapidly with compression
in the B 32 structure than in the B2. The number of Al p
states does not increase with pressure (Fig. 17)—rather it
decreases. This reflects the strong hybridization to Li
states and the fact that it increases rapidly when the
volume is reduced. Thus Al p bonding states are ‘“lost,”
and the Al p pressure increases; this increase with pres-
sure is particularly pronounced in the B 32 structure (Figs.
30 and 31). For sufficiently large compression of LiAl in
the B32 structure, the bonding contributions from the Li
p and (Al d) states can no longer compensate for the posi-
tive Al p pressure, and the B2 crystal structure becomes
more stable. The phase transition in LiAl at P ~200 kbar
is associated with a volume reduction of ~4%. This is
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TABLE III. Calculated B32—B?2 differences AG in free energy at P =0 and T =0, and the stable structure observed. The calcu-
lated equilibrium lattice constants @y,.o, and the values measured Qexpt> as well as the calculated bulk moduli (at theoretical as well as
observed equilibrium), are also listed. The pressures P, are theoretical predictions for B32— B2 phase transitions. Calculated and
measured enthalpy of formation (AH) and the temperature used in the experiments are given in the last three columns. (orh. denotes

orthorhombic.)
G(B32)-G(B2) Observed Qexpt @theor Bf,feo, B fhzor P, AH o€ AH o T (expt)

Compound [mRy/(formula unit)] structure (A) (A) (kbar) (kbar) (kbar) (kcal/mol) (kcal/mol) (K)

LiB —96.8 4.797 1690 > 10000 —35.8

LiAl —12.6 B32 6.360 6.328 450 415 200 —11.9 —11.6° 298
—9.74 —3.9¢ 900

—5.5f

LiGa —8.6 B32 6.195 6.405¢ 433 709 142 —13.5

Liln —1.3 B32 6.786  7.093h 347 710 21 —4.4 —11.7 800

LiT1 8.6 B2 6.850 6.883 357 385 —85 —9.5t 800

LiZn —12.8 B32 6.209  6.027 578 385 550 —11.6 —5.8f 820

LiCd —2.9 B32 6.687 6.617 485 430 53

LiHg 6.3 B2 6.580 6.624 443 491 —75 —20" 298

Naln —14.2 B32 7.321 7.518 311 590 > 500 —1.3 —4° 773

NaTl —8.8 B32 7.488  7.439 299 248 285 —7.8¢ 298

CsAu 15.0 B2 8.529  8.297" 160 250/ 40* —1.2

LiAu —24.2 orh. (6.197)  6.040" 800! 500! 145 —16.8'

Cs3Sb DO, 9.128 9.415™ 151 235 —54.0° —96.5" 800
—74.3°

Li;Sb DOy 6.572  6.631 343 390 —72.4 —10.8¢

2Calculated at the theoretical equilibrium volume.
Calculated with @ =axp-

“Unless differently indicated, both pure-element structures
are taken to be bcc.

9Including the theoretical bcc—fcc structural energy differ-
ence of 7.2 mRy/atom for Al

“Reference 67.

fReference 68, liquid phase.

8Ga 3d treated as ‘“‘frozen-core” states (causes overestimate
of atheor)-

"In 4d treated as ‘“frozen-core’ states (causes overestimate
of alheor)-

iReference 69.

iSee Refs. 54 and 55.

much smaller than the volume-collapse effect in LiAu
(~15%) for the (hypothetical) B 32— B2 transition.*
The discussion above for LiAl which identified the
“driving mechanism” for the B32— B2 transition as be-
ing intimately related to the overlap between the long-
ranging Al p states and the Li states also makes it easy to
understand the trend of the structural energy differences
for the Li compounds. With increasing Zypy, Or Zyy s We

found (Fig. 29) that the B 32 structure becomes increas-

XFrom B2 to B32.

ICalculated for (hypothetical) B2 structure.

mCs 5s and 5p states included in “frozen-core” (causes
overestimate of @ypeor)-

"Reference 70.

°Cs 5s and 5p states in frozen core.

PTwo-panel calculation. Cs 5p states treated as band states;
Cs 5s as frozen-core states.

9Reference 66.

'G. Y. Zukowsky, Z. Anorg. Chem. 71, 403 (1911).

*Liquid phase, T. Kleinsthuber, thesis, Universitat Minchen,
1961.

‘A. Schneider and O. Hilmer, Z. Anorg. Chem. 28b, 97
(1956).

ingly unstable—Liln represents a marginal case—and
LiTl is at ambient conditions in the CsCl structure. This
we consider a ‘“‘size effect.” The outer p states in Al, Ga,
In, and TI are, in the listed sequence (according to Z), in-
creasingly long ranged, i.e., the compounds in the upper
end resemble compressed LiAl in the sense of the descrip-
tion of the partial pressures. Tl in LiTl is so
“compressed” that the phase transition has occurred.

The analysis of the charge distributions and partial
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TABLE IV. Partial pressures (kbar) for LiAl in the B2 and 100
B 32 structures calculated at volumes at which the (theoretical) o
total pressure is zero. The value called Pyy,q is the Madelung ——————— ]
contribution (see also Refs. 62 and 64). = 5ot A 3 E; ]
i £ o "Frozen-pot.”
B2 B32 s AE. eEonE -pot” |
Li Al L Al g tot B2 ,%\/’
1 s s s s E:" o +
p p p p !
d d d d % LiAl
& " -
P, 35.0 68.0 12.7 53.5 Y ol Ime;f‘j’“ﬁ«
—4.5 —14.0 —33.5 15.0 w AEynn _—
—40 —31.7 —11.5 —28.4 e U
- l
-
S P 26.5 223 —323 40.1 YY) T S S S R
26 2.7 2.8 29
S (a.u.)
Paq —48.8 —7.8 FIG. 32. Frozen-potential calculations for LiAl. The solid

pressures showed, for the Li-My; and Li- My; compounds,
that a certain difference in “size” of the two constituent
atoms is needed in order to stabilize the B 32 structure at
zero pressure, but also that increasing the size™ of the
My (Myy) constituent beyond that of Al acts to destabi-
lize B32. It becomes increasingly easy to induce, by ap-
plying a pressure, a transition to B2. We would now ex-
pect it to be in accord with this picture, that replacing—in
the T1 compound—Li by Na would restore, approximate-
ly, the “ideal” size ratio as found in LiAl for formation of
the B 32 structure. Indeed, NaTl has this structure at am-
bient conditions, and the structural difference in free ener-
gy (Fig. 29) is similar to that of LiAl. Thus the results
displayed in Fig. 29 are explained in simple terms. The
trends in the I-II series are similar to those of the I-III
compounds. Among the Li-My compounds, LiHg is the
only one predicted to have the B2 structure, in agreement
with observations.

B. “Frozen-potential” method

The total-energy calculations in the preceding subsec-
tion demonstrated that the fully-self-consistent calcula-
tions give structural B2—B32 differences that agree in
sign with experiments for the I-II and I-III compounds
examined. We have further, in terms of such calculations,
tried to investigate the physical mechanism driving the

line denotes the B2 — B 32 structural energy difference calculat-
ed from Eq. (5). The lowest-lying dashed curve gives the
Madelung-energy difference [last term in Eq. (5)], whereas the
upper dashed curve represents the change in the one-electron en-
ergy sum [first term in Eq. (5)]. The dashed-dotted line shows
the sum of the band-structure term and the intra-atomic contri-
bution, i.e., it is the difference in one-electron-energy sum plus
the Ap and Aq terms in the large square brackets of Eq. (5). The
pluses indicate, for comparison, the energy differences obtained
by subtracting the full total energies derived from calculations
which are self-consistent in both structures.

pressure-induced phase transition. It is, however, ap-
parent from that discussion that a very clear model is not
easy to present in this way, partly because several of the
quantities entering the discussion are strongly dependent
on the way in which we decide to divide space.

A very useful supplement to the analysis in Sec. VA
can be obtained by a convenient separation of the
structural energy difference into contributions which are
easily described. Such a separation is obtained by means
of a “frozen-potential” approach.”> This is reminiscent of
the “force theorem,”’"?® which, however, is valid only for
infinitesimal distortions. It therefore does not apply to
calculations of structural energy differences. We show, in
Ref. 75, that the difference in total energy at fixed volume
for a compound in two crystal structures, I and II, can be
calculated as

TABLE V. Li s and Al s parameters entering the approximate pressure formula, Egs. (1)—(4), de-
rived from the self-consistent LMTO calculations for LiAl in the B 32 and B2 structures at equilibrium

(P =0 in both cases).

Constituent Co—V4pu—e (E);—C; C; s ng
(Ry) (Ry) (Ry) (states/atom)

B2

Li 0.440 —0.340 —0.084 0.751 0.443

Al —0.078 0.120 —0.601 0.969 1.071
B32

Li 0.390 —0.341 —0.078 0.764 0.440

Al —0.059 0.100 —0.624 0.969 1.070
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The band structure is calculated self-consistently for, say,
structure I. The effective potentials in the spheres—we
use the ASA approximation—are then moved without
change (i.e., “frozen”) to the positions in structure II.
With this arrangement, a single band-structure calculation
is then performed. The charges obtained in the spheres,
R, from this calculation are called gy, and the quantities
Agr and Apg(r) are the changes in charge and density in
the spheres. The first term in Eq. (5) is the change in
one-electron energy sum and the second (in the large
square brackets) is an intra-atomic term, whereas the last
is the structural difference in Madelung energy for fixed
charges. The potential u(r—r’) is defined in Ref. 75.

The structural B2—B32 energy difference calculated
by this frozen-potential method for LiAl is shown in Fig.
32 as a function of (average) atomic-sphere ratio (solid
line). The results are very close to those obtained from
fully-self-consistent calculations (indicated by pluses in
Fig. 32). The band-structure term and the intra-atomic
term are essentially volume independent. In a semiquanti-
tative discussion we can omit the intra-atomic term, and
we then see from Fig. 32 that the total structural energy
difference essentially has been decomposed into two terms
of opposite sign: the band-structure contribution and the
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FIG. 33. B 32-stabilization energies as derived from pseudo-
potential perturbation calculations by McNeil et al. (Ref. 78)
plotted against Z,, (as in Fig. 29). These quantities should, in
principle, be compared to our ‘“band-structure term” in the
frozen-potential (FP) approach (Sec. VB and Ref. 75). This ap-
proximate equivalence is illustrated by the solid inverted trian-
gles (FP), which represent the structural difference in one-
particle-energy sum alone from the frozen-potential calculations
for LiAl and LiTl. The labels FP1 indicate results obtained
when the self-consistent calculation is carried out for B32,
whereas the calculation FP2 corresponds to the case where the
B2 band structure is self-consistent.
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[
Madelung term. The band-structure term favors the B 32

structure, whereas the structural difference in the
Madelung energy tends to stabilize B2. In an AB com-
pound in B2 an A atom has eight B atoms as nearest
neighbors, whereas an atom in B 32 has four like and four
unlike atoms in the nearest-neighbor shell. The Madelung
energy of a B2 lattice is therefore lower than that of a
B 32 crystal of the same volume and charges. This favor-
ing of B2 will increase under compression—as also fol-
lows from Fig. 32—and eventually the structural
Madelung energy difference reaches such a magnitude
that the B32 structure becomes unstable. The band-
structure term, i.e., the difference in one-electron-energy
sum might also be referred to as the covalent part, since it
contains all the effects of bonding and hybridization.
When comparing the B2 and B 32 structures of all the I-
IITI compounds included in our study, we find that this
term always tends to stabilize B32—also in the case of

- LiTl. The B 32 structure allows the formations of—more

or less complete—sp® hybrids, which is an energetically
favorable situation.

Although the I-III compounds are not semiconducting,
i.e., they do not have a full Jones zone, pseudopotential
perturbation theory has been applied with some success.
Inglesfield’” studied the.structural stability of NaTl in
this way, and his perturbation calculations were later ex-
tended by McNeil et al.”® to include essentially all the I-
III and I-II compounds, The authors of Ref. 78 partly re-
jected the interpretation in terms of the “band-structure
stabilization” of B 32 because they (i) found that all com-
pounds in this way were predicted to have the B 32 struc-
ture, i.e., also those which are known to exist in the CsCl
structure, and (ii) no clear trends could be found. Admit-
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FIG. 34. Band structure of 3-Li;Sb (.S,, =3.00 a.u., i.e., close
to equilibrium volume). The valence states consist of low-lying
Sb states (around —O0.8 Ry) forming a very narrow band, and
the Sb states, having their maximum at I" at ~ —0.1 Ry.
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FIG. 35. Self-consistent band structure for Cs;Sb. The Cs 5s
and Cs 5p states were treated as ““frozen” renormalized core
states.

tedly, there are large uncertainties in the pseudopotential
perturbation calculations; it is necessary’’ to go beyond
second order. The procedure is particularly crude for the
I-II compounds, which have too few electrons to fill even
approximately the Jones zone. If, nevertheless, we present
the results of Ref. 78 in a diagram similar to that of our
self-consistent energy differences in Fig. 29, we find quite
similar trends, as can be seen in Fig. 33. In view of the
preceding discussion of the frozen-potential approach, it
is not surprising that the B 32 structure is always favored.
The calculated energy differences of Ref. 78 shown in Fig.
33 correspond essentially to our band-structure term only,
i.e., in our picture it should be compared to the first term
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FIG. 36. Scalar-relativistic band structure of Cs;Sb. The Sb
5s, Cs 55, (not shown), and Cs Sp states here are treated as band
states, i.e., on the same footing as the upper states during the
self-consistency iterations. The calculation was carried out us-
ing two energy ‘“‘panels.”
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FIG. 37. Dirac-relativistic calculation for Cs;Sb, i.e., essen-
tially as in Fig. 36, but with inclusion of spin-orbit coupling.

only in Eq. (5). With this modification we then conclude,
with the reservations taken about accuracy above, that the
physical picture of stabilization of B32 from the pertur-
bation calculations by Inglesfield”’ agrees with our
analysis. The pseudopotential approach was discussed
later by Krasko and Makhnovetskii,”® and a related exam-
ination is presently being carried out by Hafner.3°
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FIG. 38. Change in radial electron densities, 47Tr2Ap(r), due
to alloy formation of Cs;Sb. Upper part: antimony. The in-
tegral of the function up to S gives one electron (cf. Table VI).
Lower part: density change for Cs. There are two Cs sites of
type “1” (B and C in Table I) and one of type “2.”
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TABLE VI. Li;Sb and Cs;Sb: Partial occupation numbers (#;) and excess number of electrons in
constituent atomic spheres (AQ). The individual spheres are chosen to have equal radii (S =S,,). The
values of S (4.30 and 3.00 a.u., respectively) are close to the equilibrium values.

AQ
ni(A) n(B)=n;(C) n;(D) A
Compound s s s B
A,B,C,D ¥4 P §4 C
(cf. Fig. 3) S (a.u) d d d D
SbCs(1)Cs(1)Csq2) 4.30 1.912 0.230 0.134 1.066
(SbCs;) 4.143 0.178 0.100 —0.270
0.012 0.322 0.238 —0.270
—0.524
SbLi(y)Li(j)Liy) 3.00 1.554 0.420 0.310 —0.690
(SbLij) 2.718 0.772 0.510 0.376
0.038 0.184 0.060 0.376
‘ —0.060

VI. Li;Sb AND Cs;Sb

The antimony-lithium and antimony-cesium com-
pounds which are discussed in this section might, a priori,
be expected to have many similarities. The outer electron-
ic configurations in the isolated atoms are the same in the
two cases, and, indeed, assuming the same crystal struc-
ture, the band structures®’ turn out to be similar.
Nevertheless, there are, due to the large differences in size
of the alkali-metal constituent atom, remarkable differ-
ences in the bonding in the two cases. This is also ap-
parent from the different crystal structures observed (see
Ref. 43 and references therein). Li;Sb can exist in hexago-
nal (a-Liz;Sb) as well as cubic forms (-Li;Sb). The cubic
structure is isotypic with the BiF; structure (Table I), the
DO structure. At room temperature, Cs3;Sb most prob-
ably crystallizes in a NaTl-derived structure with partial
disorder, but below T'~260 K it is suggested®? that it has
the ordered DO, structure. Therefore we have chosen
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FIG. 39. Same as Fig. 38, but for 3-Li;Shb.

here to study the electronic structures of Li;Sb and Cs;Sb
in the same (ordered) cubic structure, DO;, i.e., the struc-
ture which relates naturally to those of the other com-
pounds discussed in the present article (Table I).

As mentioned earlier, the band structures of Cs;Sb
(when the Cs 5p states are treated as core states, i.e., not
included as band states) and Li;Sb are similar. This is
seen from Figs. 34 and 35. Both compounds are semicon-
ducting. The band gaps derived from our calculation are,
of course, too small when compared to experiments, due
to the fact that we use the local-density approximation.
For Li;Sb we find an indirect gap which is very small,
~0.14 eV. Cs;Sb (ordered phase) is also an indirect-gap
semiconductor (with E, =1.04 eV), but the nature of the

gap is different from that of Li;Sb (see Figs. 34 and 35).

83—85

Experiments carried out at room temperature, where
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FIG. 40. Radial charge redistribution around Cs due to for-
mation of the CsI compound. (a) refers to the CsCl (B 2) struc-
ture, whereas the results of (b) are for the B 32 structure. The
volumes in both cases are chosen to correspond to S,,=4.30
a.u., i.e., the same as in Cs3;Sb (Fig. 38).
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the disordered phase of Cs3;Sb probably prevails, show
that the band gap is ~1.6 eV.

The calculated equilibrium lattice constants agree well
with experiments. For Li;Sb we find from total-energy
calculations that the average atomic-sphere radius corre-
sponding to equilibrium is S5 =3.035 au. The ob-
served volume®® corresponds to S¢q=3.057 au. For
Cs;Sb we find Séﬁe°'=4.30 a.u. The experimental value
quoted by Wyckoff®® is 4.246 a.u. One reason why the
present calculated equilibrium volume is somewhat too
large for Cs;Sb is that the calculation treats the Cs 5p
states as “frozen,” renormalized core states. Including
them instead, as band states in the self-consistent calcula-
tion leads to a smaller value®* % of the theoretical equili-
brium volume. The effects in the self-consistent band
structure of letting these corelike states relax follow from
Fig. 36. Indeed, the Cs 5p bands have a appreciable
width, which must influence the binding of the crystal. It
further follows (Fig. 37) that the spin-orbit splittings of
these bands are large, and that this must be taken into ac-
count in analyses of optical (photoemission) data.

As stressed several times earlier, it is not easy to gain
insight into the bonding mechanisms by considering the
partial occupation numbers and partial pressures in our
model, since the actual values depend on how the ratios
between atomic-sphere radii are chosen. Nevertheless,
since we choose the same ratios in all compounds, it may
be hoped that some conclusions can be drawn by compar-
ing data for two compounds in the same structure. In
Table VI we list the occupation numbers and excess
charges for the constituents in Li;Sb and. Cs;Sb calculated
at their respective equilibrium volumes. With the reserva-
tions taken above, we do note remarkable differences be-
tween the charge distributions shown in Table VI. An-
" timony appears in Cs;Sb to be strongly negatively
charged, whereas it is positive in Li;Sb. The numbers sug-
gest that the cesium atom at position “D” (Cs(,)) in Cs3Sb
is a positive ion. The Li atom at the equivalent position
in Li3Sb is almost neutral. This trend is qualitatively also
what we would expect from the differences in size of the
alkali-metal atoms in the two compounds. In general, the
values of AQ, due to the model dependence (atomic-
sphere—radius ratio), cannot be interpreted as meaningful
physical quantities, “charge transfers,” giving ionicities of
the constituents. Only in cases where charge is
transferred to the inner part of a sphere does such an in-
terpretation make sense. CsAu represented**>* such a
case, and guided by the success of the analysis of the
bonding nature of this compound, we have also—for
Cs;Sb and Li;Sb—examined the radial dependences of
charge redistributions upon alloy formation.

The charge redistributions, Figs. 38 and 39, were ob-
tained by subtracting, from the radial electron density
around a constituent atom, say Sb, in the compound, the
density calculated self-consistently for a pure solid (Sb in
all positions 4, B, C, and D) in the same structure and at
the same volume (same S) as in the alloy. The distribu-
tions obtained for Cs;Sb and Li;Sb (Figs. 38 and 39) sug-
gest that the bonding is quite different in the two cases,
and support the idea that Li,, and SbLi(, is essentially
neutral, and that a strong bonding occurs between Sb and

its two neighboring Li atoms (Li(;)). Thus, Li;Sb resem-
bles very much a molecular crystal with (neutral) SbLi,
molecules and Li atoms. )

The cesium compound, on the other hand, appears to be
dominated by ionic bonding. Once it is assumed that the
Cs on site “D” (Csy,)) represents a positive ion, then it is
tempting to assume further that there is a strong bonding
between the Sb and the two other Cs atoms [Cs(y), i.e.,
they form an ion (SbCs,)~]. The bonding between Sb and
Cs appears (Fig. 38) to be ionic, Sb forming a negative
ion. If this picture is correct, then the bonding of the
(Cs,Sb)~Cs™ ionic crystal should resemble that of Csl
since SbCs, is isoelectronic with I. We have checked this
hypothesis by calculating the change in radial Cs electron
density due to compound formation in CslI (B32 as well
as B2 structure). For Csl we chose the same atomic
volumes (same S) as for Cs;Sb. This turns out not to be
far from the equilibrium value for Csl, and the radial
change in the Cs charge, as shown in Fig. 40, as a func-
tion of r follows very closely that of Cs (type Cs(,), posi-
tive “D”) in SbCs;. Thus the effect on compound forma-
tion in CslI on the electronic distribution around Cs is the
same as found in Cs;Sb, and our picture of the ionicity in
this compound is supported.

VII. CONCLUSION

The calculations discussed in the present work demon-
strate that the local-density approximation in conjunction
with self-consistent LMTO band-structure calculations is
sufficiently accurate to predict stable crystal structures for
elements and compounds. As pointed out in the main
text, this observation is not new. We have further used
the calculations of total energies and pressures to predict
structural phase transitions not yet observed. In this con-
text we mention that after the theoretical prediction of the
phase instability of CsAu—occurring, according to the
present work, around 40 kbar—experimental indications
of a structural phase transition have been found?®’ in
pressure-dependent Mossbauer studies on this compound.
This is being studied in more detail at the present.

The examination of the electronic properties of the
Zintl phases of the I-II and I-III intermetallic compounds
show that the bonding characteristics of those compounds
which crystallize in the NaTl (B 32) structure are reminis-
cent of those in Si, i.e., the formation of more or less com-
plete sp3 hybrids. This lends some support to the origi-
nal?! chemical point of view. It also follows that this
bonding picture, among the existing Li—group-III-atom
compounds, is most obvious in the case of LiAl, whereas
the covalent bonding between the Tl atoms in LiTIl (in a
hypothetical B32 structure) is the weakest. These con-
clusions have been obtained in two ways: (i) by calculat-
ing electron densities, and (ii) from the “frozen-potential”
approach. Most directly, they follow from calculations of
the nonspherical charge distributions. The covalency of
the bonding is most pronounced for those compounds
which have band structures (in B32) with the smallest
band overlap, i.e., with the least metallic character. LiB is
in this sense an extreme case. It is the only semiconductor
in this family, and has many similarities with diamond
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FIG. 41. (a) The pseudo-MTO density in the (110) plane of
Si. The “mountain peaks” represent the bond charge between
the Si atoms. (b) Pseudo-MTO density for LiB in the B32
structure. The density maxima—the bond-charge maxima be-
tween the B sites—have essentially the same values as in the
case of Si [Fig. 40(a)]. (c)—(f) Same as (b), but for LiAl, Liln,
LiT], and LiCd, respectively.

(the predicted bulk modulus, ~1.7 Mbar, is large, but
smaller than that of diamond). The trends in the bonding
character are summarily illustrated by Figs. 41(a)—41(f).
These figures show the pseudo-MTO densities in the (110)
planes of Si, LiB, LiAl, Liln, LiTl, and LiCd, all calculat-
ed for B32 (LiTl in reality has the CsCl structure). This
series of figures clearly shows the transition from strongly
covalent bonding to an almost perfect metallic density dis-
tribution. The trends of the calculated structural energy
differences, as well as those found in the calculated pres-
sures for transitions from the B32 to the B2 structure,
follow this bonding picture.

The frozen-potential calculations have made possible a

separation of structural energy difference into essentially a
band-structure term and an electrostatic term. The estab-
lished approximate connection between our “band-
structure term” and the stabilization energies obtained
from pseudopotential perturbation theory gives support to
the qualitative conclusions drawn from calculations of the
latter type.

The I-II and I-IIT intermetallic compounds which, at

ambient conditions, crystallize in the sodium-thallide
structure, are predicted to undergo a phase transition to
the cesium-chloride structure under pressure. In the
frozen-potential approach this is found to be a conse-
quence of the more rapid increase in magnitude of the
Madelung energy in the B2 than in the B32 structure
when the lattice dimensions are reduced. This is partly a
simple “geometrical” effect caused by the different num-
ber of unlike nearest neighbors in the two structures, but
it is further enhanced by the larger “charge transfer” in
B2 than in B32 (cf.,, e.g., Fig. 11). This is caused by the
valence electrons of the II- or III-constituent-atom valence
electrons, and this tendency is larger the larger the nonal-
kali atom is. This explains why it is easier to provoke the
phase transition in Liln than in LiAl. The compositional
phase transition with increasing atomic number, Z,;, of
the group-III or -1I atom is thus, from the analysis of the
pressure-induced phase transition, considered a size effect.
This is not much different from the arguments presented
by McNeil er al.’® We do not see any conflict between
this model and the bonding description outlined above,
i.e., the picture of sp3-like bonding which becomes gradu-
ally “weaker” with increasing Z,,. During the prepara-
tion of this paper, we learned that Schmidt®® has exam-
ined the electronic structure and calculated the B2—B 32
structural energy difference for LiTl and NaTl. This
work?®® also relates the structural stability criteria to “size
effects.” It has also been brought to our attention that
our finding of a large Li p occupancy in the Li com-
pounds and the importance of these states in the binding
mechanism agree with the conclusion made for Liy,Si;
and LigMgSi by Bohm et al.*® and Ramirez et al.”°

The electronic structure calculations for the pnictide
salts Li;Sb and Cs;Sb demonstrate that—although in
these cases we did not calculate the nonspherical charge
distributions—the antimony tends to form, via covalent-
ionic bonding, an ‘“ion” together with two nearest-
neighbor alkali-metal atoms. Whereas Li;Sb appears to be
almost nonionic, i.e., ~Li(Li,Sb), where the ‘“single” Li
site is almost neutral, we find that the ionicity of Cs;Sb is
much more pronounced. The compound is approximately
described as Cs®* (Cs,Sb)®~, and it was found that the
(radial) charge redistribution due to compound formation
around the (5,7, )-positioned Cs atom is very similar to
that found in Csl. An investigation, not presented here,
further shows other similarities between the electronic
structures and pressure dependences of the band structure
for these two compounds. (Pressure-induced phase transi-
tions and insulator-metal transitions in CsI are discussed
elsewhere.’’"®?) For Cs;Sb the electronic structure calcu-
lations further demonstrated the necessity of treating the
Cs 5p states as band states, i.e., by not including them in a
“frozen,” renormalized core. This relaxation affects not
only the calculated binding characteristics (cf. the calcu-
lated enthalpy of formation, Table III), but also, due to
hybridization, the gap (see also Ref. 33).
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