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Electronic structure calculations were performed to examine the
origin of a band gap present in most 18-electron half-Heusler
compounds and its absence in NaTl. In these compounds of
diamond-like structures, the presence or absence of a band gap
is controlled by the σ antibonding between the valence s orbitals,
and the bonding characteristics of the late-main-group elements
depend on the extent of their ns/np hybridization. Implications of
these observations on the formal oxidation state and the covalent
bonding of the transition-metal atoms in 18-electron half-Heusler
and related compounds were discussed.

Diamond and elemental Si are archetypal band-gapped
compounds with a diamond lattice, and both compounds are
considered to have strong covalent interactions between their
adjacent tetrahedral sites through the sp3 hybrid orbitals.
These interactions lead to four bonding and four antibonding
bands per two tetrahedral sites, and a band gap results with
eight valence electrons per two sites. The diamond lattice
of Tl- anions in the Zintl compound NaTl is explained by
supposing that the Tl- ions with a (ns)2(np)2 configuration
as in C and Si interact covalently. From this explanation and
the fact that numerous Zintl compounds are insulators, one
might be led to think that NaTl has a band gap, but NaTl is
a regular metal.1 The metallic versus insulating problem of
diamond-like structures was first discussed by Kimball.2 It
should be mentioned that NaTl does not quite fit into the
classification scheme of either intermetallic or ionic com-
pounds in terms of ionic radii.3

Half-Heusler compounds AML consist of an electropos-
itive atom A (e.g., Sc, Y), a late-transition-metal atom M
(e.g., Ni, Pd, Au), and a heavy main-group atom L of the
group 14 or 15 (e.g., As, Sn, Sb, Pb, Bi) and are structurally

closely related to NaTl. The atoms M and L form a zinc
blende lattice (Figure 1a), which becomes a diamond lattice
if M ) L, and the atoms A occupy half the 10-coordinate
sites made up of an M4 tetrahedron and an L6 octahedron
(Figure 1b).

Most 18-electron half-Heusler (18eHH) compounds are
regular semiconductors.4 The electronic structure of a 18eHH
compound AML is described by the oxidation assignment
An+(ML) n-, where n is the number of valence electrons
donated by A.4a,cQualitatively, the semiconducting property
of most 18eHH compounds has been understood by noting
that the 18-electron count around M implies a closed-shell
electron configuration (i.e., d10 + s2 + p6).4a,c In the present
work, we probe the origin of a band gap in most 18eHH
compounds and its absence in NaTl and discuss implications
of our results, on the basis of first principles electronic band
structure calculations5-7 for NaTl and representative 18eHH
compounds ScAuSn,8 CaAuBi,9 and YAuPb.10

The band dispersion relations calculated for NaTl are
presented in Figure 2a, where the valence s-orbital contribu-
tions of all of the atoms to the bands are indicated by the
fat-band representation, and the corresponding density of
states (DOS) plots in Figure 2b, where the Fermi level crosses
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the three overlapping bands. The major orbital characters of
the five-valence-electron bands containing eight electrons per
(Tl-)2 (i.e., per primitive unit cell) vary, in ascending order,
as follows: the Tl 6s/Tl 6sσ-bonding band< the Tl 6s/Tl
6sσ-antibonding band< the three oVerlapping Tl 6p/Tl 6p
σ-bonding bands< .... Thus, with eight electrons per (Tl-)2,
the Tl 6p bands are partially filled so that NaTl is a regular
metal. Figure 2b exhibits a very weak 6s/6p hybridization,
which is crucial for the absence of a band gap in NaTl.
Extended Hu¨ckel tight-binding calculations11 show that even
the electronic structures of diamond and elemental Si become
metallic if the valencens orbitals (i.e., C 2s and Si 3s) are
strongly contracted to preventns/np hybridization.

The band dispersion relations calculated for a representa-
tive 18eHH compound ScAuSn are presented in Figure 3a,
where the Fermi level lies at the top of the three overlapping
bands. The contributions of the Au 6s and Sn 5s orbitals are
given with the fat-band representation and the corresponding
DOS plots in Figure 3b-d. With 18 valence electrons filling
the 9 valence bands completely, ScAuSn is a semiconductor
with a small indirect band gap. The partial DOS plots of
Figure 3b are consistent with the oxidation state 3+ for Sc
and hence the electron-counting [AuSn]3-. The Sn 5s and
the Au 6s states are present between-8.0 and-10.0 eV
and between-6.5 and 0.0 eV (Figure 3c,d), with stronger
Sn 5s and Au 6s contributions in the lower and higher energy

regions, respectively. The Au 5d states occur primarily as
sharp peaks between-6.5 and-5.0 eV, while the Au 6p
states occur between-3.5 eV and 0.0 eV, where the Au 5d
states are also present. The filled Sn 5p states occur where
the filled Au 5d and filled Au 6p states are present (Figure
3c,d). According to these observations, the-8.0 to -10.0
eV region represents Sn 5s/Au 6s bonding and the-6.5 to
-5.0 eV region primarily the Au 5d states with some Au
5d/Sn 5p bonding. The-3.5 to 0.0 eV region represents Au
5d,6p/Sn 5p bonding. This bonding analysis is supported by
COHP calculations12 carried out for the Au-Sn bond on the
basis of first principles TB-LMTO13 calculations for ScAuSn
(Figure S.1 in the Supporting Information).

The Sn 5s/Au 6s antibonding effect is not pronounced in
the COHP plot in the-6.5 to 0.0 eV region because the
latter overlaps with the regions of the Au 5d/Sn 5p bonding
and the Au 5d,6p/Sn 5p bonding and because the bonding
effects are stronger. Thus, the major orbital characters of
the nine filled valence-electron bands of ScAuSn are
described, in ascending order, as follows:the wide Sn 5s/
Au 6sσ-bonding band< the fiVe narrow Au 5d bands<
the wide Au 6s/Sn 5sσ-antibonding band< the two
oVerlapping Au 6p/Sn 5pσ-bonding bands< .... For
simplicity, the Sn 5s/Au 6sσ-bonding andσ-antibonding
bands will be referred to as the Sn 5s and Au 6s bands,
respectively. It is crucial to note that the Au 6s band gradually
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Figure 1. (a) Perspective view of the crystal structure of a half-Heusler
compound AML (A ) Ca, Sc, Y; M ) Au; L ) Sn, Sb, Pb, Bi). The
yellow spheres represent the electropositive atoms A, the red spheres the
transition-metal atoms M, and the blue spheres the main-group atoms L.
(b) Perspective view of the coordinate environment of an electropositive
atom A.

Figure 2. Calculated electronic structure of NaTl: (a) Dispersion relations
of the bands around the Fermi level. (b) Total and partial DOS plots.

Figure 3. Calculated electronic structure of ScAuSn: (a) Dispersion
relations of the bands around the Fermi level. (b) Total and partial DOS
plots for Sc. (c) Partial DOS plots for Au. (d) Partial DOS plots for Sn.
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loses its s-orbital character as it approaches the Fermi level
at Γ, where it gets only the Sn 5p- and Au 6p-orbital
characters. AtΓ, the Au 6s/Sn 5sσ-antibonding level lies
above the Fermi level.

Except for the five narrow Au 5d bands, the filled valence-
electron bands of ScAuSn are quite similar in general features
to those of NaTl. However, the two compounds differ
critically at theΓ point around the Fermi level: The energy
levels of NaTl atΓ have the following sequence:the Tl 6s/
Tl 6sσ-bonding leVel < the Tl 6s/Tl 6sσ-antibonding leVel
< the three degenerate Tl 6p/Tl 6pσ-bonding leVels < ....
In contrast, the energy levels of ScAuSn atΓ have the
following sequence:the Au 6s/Sn 5sσ-bonding leVel of
largely Sn 5s< the fiVe Au 5d leVels< the three degenerate
Au 5d,6p/Sn 5pσ-bonding leVels < the Au 6s/Sn 5s
σ-antibonding leVel of largely Au 6s< .... Namely, the most
σ-antibonding level formed from the valence s orbitals lies
lower in energy than the top of theσ-bonding bands formed
from the valence p orbitals for NaTl (Figure 2a), but the
opposite is the case for ScAuSn (Figure 3a). This means that
the strongestσ-antibonding interaction between the Tl 6s
orbitals is weaker than that between the Au 6s and Sn 5s
orbitals, which is understandable because the Au-Sn bond
of ScAuSn is considerably shorter than the Tl-Tl bond of
NaTl (i.e., 2.780 vs 3.231 Å). The above observation implies
that theσ-antibonding interactions between the valence s
orbitals of M and L in AML can be enhanced by shortening
the M-L bond, by increasing the diffuseness of the valence
s orbitals of M and L, and by decreasing the energy
difference between the valence s orbitals of M and L. If this
σ-antibonding interaction is strong enough, an 18eHH
compound might become a semiconductor with an indirect
band gap rather than a regular metal. Our calculations predict
CaAuBi14 to be a regular metal, although it is an 18eHH
compound (Figure S.2a in the Supporting Information).15

However, YAuPb16 is predicted to be a semiconductor with
nearly a zero band gap (Figure S.2b in the Supporting
Information),15 as reported.4c The mostσ-antibonding level
from the valence s orbitals of the M and L atoms lies below
the top of theσ-bonding bands of the valence p orbitals in
CaAuBi, but the opposite is the case in YAuPb because the
Au-Bi bond is longer than the Au-Pb bond (i.e., 2.967 vs
2.914 Å), and the s-orbital energies of Bi, Pb, and Au
increase in the order Bi 6s< Pb 6s< Au 6s.

Another important factor inducing a band gap in AML is
the presence of low-lying d orbitals on the electropositive
element A (e.g., Sc, Y). As shown in Figure 1b, each A is
located at the center of an M4 tetrahedron and an L6

octahedron. In theσ-antibonding level atΓ, the valencens
orbitals of M are combined out of phase with those of L. As

a consequence, thens orbitals of an M4 tetrahedron form a
group orbital of a1 symmetry and those of an L6 octahedron
a group orbital of a1g symmetry (Figure S.3 in the Supporting
Information). Consequently, atΓ, the d orbitals of A do not
interact with theσ-antibonding level of thens orbitals.
However, these d orbitals interact with the triply degenerate
level of thenp valence orbitals. This causes a preferential
lowering of the triply degenerate level, hence leading to a
band gap. Such a preferential lowering does not occur when
the element A does not have low-lying d orbitals (e.g., Ca),
thereby leading to partially filled bands as found for CaAuBi
(Figure S.2a in the Supporting Information).

All five Au 5d block bands of ScAuSn are completely
filled (Figure 3c), hence leading to the d-electron count of
5d,10 and lie well below the Fermi level so that the 10 d
electrons of Au may be regarded as “pseudocore” electrons.
Then, the 18-electron rule is reduced to the octet rule for
ScAuSn, and each Au atom may be regarded as a “pseudo”-
main-group element with eight valence electrons to form four
polar covalent Au-Sn bonds. Thus, the covalent electron
counting17 leads to four electrons in the 6s and 6p orbitals
for each Au and hence to the s- and p-electron counts of
6s26p2 because the Au 6s bands are completely filled. As a
result, each Au of ScAuSn has the electron configuration
(5d)10(6s)2(6p)2. In terms of the ionic electron counting,17

this configuration is equivalent to a formal Au3- ion so that
the oxidation assignment of (Sc3+)(Au3-)(Sn0) is appropriate
for ScAuSn. Formal negative transition-metal ions found in
compounds of late-transition-metal atoms with late-main-
group elements of typically the fifth and sixth periods,18-20

which include 18eHH compounds, have strong covalent
interactions with their surrounding main-group elements. The
presence of such transition-metal anions is manifested by
the fact that the frontier orbitals of these compounds are not
described by the transition-metalnd orbitals but by the
transition-metal (n+1)p orbitals.
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