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The Zintl-phase compounds Zr3Ni3Sb4, Hf3Ni3Sb4, and Zr3Pt3Sb4, are the first compounds discovered in this
crystal structure not to contain Y or an f-electron atom. We have attempted to understand their electronic
structure by comparison to the more extensively studied half-Heusler compounds such as ZrNiSn. While the
half-Heusler compounds have more ionic bonding in its stuffed-NaCl crystal structure compared to the cova-
lent Zintl network, several similarities were found between the calculated electronic structures. These similari-
ties include the nature of the bonding, the formation of the ternary compound by adding Ni �or Pt� atoms into
the octahedrally coordinated pockets of a known binary compound, and the gap formation due to Ni �or Pt�
d-Zr d hybridization.
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I. INTRODUCTION

Compounds in the half-Heusler structure have recently
been of both theoretical and experimental interest.1–5 Its
crystal structure �F-43m, No. 216� can be described as a
stuffed NaCl structure where transition metal ions form a fcc
lattice within the pockets of the NaCl parent structure �Fig.
1�.1,2 With different chemical constituents within the struc-
ture, half-Heusler compounds can display semiconducting,1,2

half-metallic,3 or metallic behavior.4 The narrow gap semi-
conductors of this class have been studied for thermoelectric
applications.5 The efficiency of a thermoelectric material de-
pends on a dimensionless figure of merit ZT=S�2T /�.6

While the half-Heusler materials have respectable values for
their thermopower �S� and electrical conductivity ��� which
lead to a large power factor �PF=S�2�, due to their simple,
isotropic �fcc� crystal structure, their thermal conductivities
� have been fairly large.5,7–10

Attempts to reduce the thermal conductivity through al-
loying have proven only moderately successful since the
power factor has been observed to also reduce with
alloying.5,7–10 The large values of � in the half-Heusler alloys
have proven to be the major difficulty in using these materi-
als for thermoelectric devices. A similar class of materials,
ternary Zintl-phase compounds in the structure Y3Au3Sb4,
contain several of the same elements as the half-Heusler
compounds, have similar bonding and gap formation charac-
teristics, but, due to their cagelike structure and complex unit
cells, have a low �.5 Other Zintl-phase compounds, such as
YbZn2Sb2,11 Yb14MnSb11,

12 and Yb8Ge3Sb5 �Ref. 13� have
been found to exhibit large power factors and low � values at
high temperatures, some better than SiGe alloys.11,12 The ma-
terials in the Y3Au3Sb4 structure have not been studied for
their thermoelectric properties. In this paper we will show
that the electronic structure of Zr3Ni3Sb4, Hf3Ni3Sb4, and

Zr3Pt3Sb4 have many similarities to that of the half-Heusler
compounds such as ZrNiSn. The existence of anisotropic
masses in the conduction band along with lower � values due
to the more complex crystal structure make this material
worth investigating for thermoelectric applications.

This paper will be organized as follows: First, the crystal
structure of these ternary Zintl-phase compounds will be dis-
cussed followed by the method of calculation. Next, the elec-
tronic structures of Zr3Ni3Sb4, Hf3Ni3Sb4, and Zr3Pt3Sb4 will
be compared to each other and to that of the half-Heusler
compounds. A discussion of the observed band gaps in the
half-Heusler and in this class of Zintl-phase compounds will
conclude the paper.

II. CRYSTAL STRUCTURE

Zintl ions and Zintl phases have been studied for over a
century,14 but only a few of these compounds have been
studied extensively. Zintl phases have been considered the
“transition between metallic and ionic bonding”15 in that the
bonding, while polar in nature, is much stronger than simply

FIG. 1. Half-Heusler crystal structure of YNiSb where Ni atoms
are inserted into a YSb NaCl-type lattice.
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ionic �often called heteropolar�. These materials are defined
by forming in “nonmetallic” crystal structures with complex
structures having complicated atomic coordination. Due to
the coordination of the anions, valence electrons are trans-
ferred from the metal atom to a more noble metal leading to
strong ionicity in the metal bond.16 Zintl ions are clusters or
aggregates of “polar” intermetallic ions with strong charge
transfer or covalent bonding between elements. Zintl phases
form out of Zintl ions arranged to produce polar or saltlike,
binary or ternary compounds formed between alkali or
alkali-earth elements and the main-group elements from
group IV on. Most of these compounds are either semicon-
ductors or semimetals due to the inherent charge balance
necessary for their formation.17,18

Zintl-phase compounds of the form Y3Au3Sb4 �I-43d, No.
220� are understood as a stuffed Th3P4 structure. Cubic
Y3Sb4 �Th3P4 structure� derives from doubling the unit cell
of bcc Sb �2 Sb atoms/unit cell� in all three directions to
produce a Sb supercell �16 Sb atoms/unit cell�. The Sb atoms
are then displaced slightly along the 111 direction of the
supercell to produce two different types of Sb polyhedra:
regular disphenoids19 and distorted tetrahedra. The Y atoms
enter the center of the disphenoids and are eightfold coordi-
nated to Sb to form Y3Sb4 �Fig. 2�. The noble �or transition�
metal atoms, such as Au, enter the distorted tetrahedra sites
of Y3Sb4 to form the ternary compound Y3Au3Sb4 �Fig. 2�.
After Au is added, Y is fourfold coordinated to Sb and four-
fold coordinated to Au, Au is fourfold coordinated to Y and
fourfold coordinated to Sb, and Sb is threefold coordinated
to Au and fourfold coordinated to Y. This resembles the for-
mation of the half-Heusler compounds in which, such as in
YNiSb, Ni atoms order themselves within the pockets of the
NaCl structure of YSb. �Fig. 1�. In these compounds Ni is
fourfold coordinated to Y and fourfold coordinated to Sb,
and the Ni-Sb and Ni-Y distances are the same. However, in
the Y3Au3Sb4 structure, due to the distortions of the tetrahe-
dra, the different coordinations of the elements are at slightly
different distances.20

The Y3Au3Sb4-type Zintl-phase and half-Heusler com-
pounds share many similarities including the formation of

their crystal structure from parent binary structures and the
nature of the opening of their band gaps.21–23 Both of these
structures contain a backbone compound which is predicted
to be either semiconducting or semimetallic �such as ZrSn or
Zr3Sb4� where transition �or noble� metal atoms enter into
the octahedrally, coordinated pockets of this parent com-
pound. It is important to note, however, that the bonding in
the parent compounds of these two classes of materials is
quite different. The crystal structure of the half-Heusler com-
pounds formed from adding a Ni atom to the NaCl parent
compound is shown in Fig. 1. In both the half-Heusler and
Zintl phases, Ni is octahedrally coordinated to 4 Zr and 4 Sb
atoms and 4 Ni atoms form a tetrahedra about the Zr atoms.
However, there is a fundamental difference between these
two structure types in regard to the Ni coordination with
Sn/Sb. In the half-Heusler phase, Ni forms tetrahedra about
Sn, but in these Zintl phases there are only 3 Ni atoms about
the Sb positions, even though the corresponding Ni-Sb-Ni
angle �114.88° � is close to the tetrahedral angle. This differ-
ence in local coordination changes the nature of the bonding
between these two classes of materials and may be the reason
why certain noble or transition metals appear to prefer one
structure over the other. While Ni prefers to form semicon-
ductors in the half-Heusler structure, Cu forms more stable
semiconducting compounds in the Zintl-phase configuration
for R3Cu3Sb4 �R=Y, La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho,
and Er�.23 In fact, some of the U-containing compounds can
be in either phase �UNiSn and U3Ni3Sb4, UPtSn and
U3Pt3Sn4, URhSb and U3Rh3Sn4�.23

The search for new thermoelectric materials involves
finding new narrow-gap semiconductors.6 Metallic Zintl
compounds, such as Th3Co3Sb4,24 have low thermopower
values �typical for metals� though there is an expectation of a
reduction in the lattice thermal conductivities. Several semi-
conducting members of this class of Zintl compounds have
been found and studied experimentally.20–23,25–27 Th3Ni3Sb4
�Ref. 25� has been found both experimentally and theoreti-
cally to be a narrow-gap semiconductor. Both U3T3Sb4 �T
=Ni, Pd, Pt� �Ref. 26� and Ce3Pt3Bi4 �Ref. 21� are heavy-
fermion, narrow-gap semiconductors with magnetic mo-
ments on the U and Ce sites, respectively. However, these
heavy-fermion, narrow-gap semiconductors do not have
large thermoelectric coefficients at room temperature.28

Zr3Ni3Sb4, Hf3Ni3Sb4, and Zr3Pt3Sb4 were identified by
Wang et al.27 to have the same crystal structure as the better
studied Y3Au3Sb4 structure type not containing Y or an
f-electron atom. As discussed for Y3Au3Sb4, in Zr3Ni3Sb4 Ni
has 4 Zr and 4 Sb neighbors, Zr has 4 Ni and 4 Sb neigh-
bors, and Sb has 4 Zr and 3 Ni neighbors. The shortest
Zr-Sb distance is 2.9144 Å, the shortest Zr-Ni distance is
2.7746 Å, and the shortest Ni-Sb distance is 2.4858 Å.27

In their analysis of Zr3Ni3Sb4, Wang et al.27 claim that, in
a Zintl-phase concept, Sb is considered a nonmetallic ele-
ment since it is the most electronegative component. They
claim the observed short Zr-Ni distance, 2.7746 Å, produces
a strong covalent bonding between Zr and Ni so that �ZrNi�3

forms the covalent network which then has predominantly
ionic bonding with the interpenetrating Sb atoms. This pic-
ture is consistent with their extended Hüuckel calculation
which showed a reduced charge on Zr. However, this de-

FIG. 2. Crystal structure of Th3Co3Sb4. The Th3Sb4 network is
shown by the heavy lines with the Co atoms lying within the voids
left by this network.
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scription disagrees with that given by Jingtai et al.29 who
studied similar metallic rare-earth �RE�-copper Zintl phases
RE3Cu3Sb4. They claim that, due to the shorter Cu-Sb dis-
tance �2.630 Å compared to the Cu-RE distance of 2.868 Å�,
Cu3Sb4 forms the covalent network and the interpenetrating
RE atoms, in the distorted tetrahedra of Cu3Sb4, have ionic
bonding with the covalent Cu3Sb4 network. As in Zr3Ni3Sb4,
the electronegativity of Sb is larger than that of the RE
atom.29 Both Wang et al.27 and Jingtai et al.29 agree that
there should be a strong charge transfer between Zr and Sb in
Zr3Ni3Sb4. We propose a third explanation of the Ni-based
Zintl-phase compounds. Zr3Sb4 forms a covalent Zintl-phase
network �with some charge transfer between Zr and Sb� in
which the Ni atoms enter with a relatively weak hybridiza-
tion between the network and the Ni d states which leads to
the opening of a semiconducting gap, similar to that seen in
the half-Heusler compounds.1

The lattice parameters used in the calculation were taken
from experiment.27. Lattice relaxation was studied, but the
atomic positions stayed very close to the positions dictated
by symmetry and the lattice constant varied by only about
1%. There was no noticeable change in the band structure or
band gaps due to the relaxation, so the experimental values
were used. The lattice constants are 9.066 Å for Zr3Ni3Sb4,
9.016 Å for Hf3Ni3Sb4, and 9.359 Å for Zr3Pt3Sb4. The Zr
and Hf site is at the 12a Wyckoff position � 3

8 ,0 , 1
4

�, Ni and Pt
at the 12b Wyckoff position � 7

8 ,0 , 1
4

�, and Sb at the 16c Wy-
ckoff position �0.0827,0.0827,0.0827�.27 As has already been
mentioned, lattice relaxation changed these positions very
little.

In this paper we will discuss the electronic structure of
three Zintl-phase compounds of the Y3Au3Sb4 structure type,
namely Zr3Ni3Sb4, Hf3Ni3Sb4, and Zr3Pt3Sb4. The reasons
for studying these systems is �i� to understand how the Zintl
concept applies to these materials, �ii� to understand the role
in the gap formation of Ni/Pt d hybridization compared to
the half-Heusler compounds, and �iii� to understand the elec-
tronic origin of their thermoelectric properties.

III. METHOD OF CALCULATION

Electronic structure calculations were performed using the
self-consistent full-potential linearized augmented plane-
wave method �FLAPW� �Ref. 30� within density-functional
thoery �DFT� �Ref. 31� using the generalized gradient ap-
proximation �GGA� of Perdew, Burke, and Ernzerhof32 for
the exchange and correlation potential. The calculations were
performed using the WIEN97 package.33 The values of the
atomic radii were chosen to be 2.38 a .u. �a .u .
=atomic unit=0.529 177 Å� in order to minimize the area
between the spheres. Adjustments of these radii within a rea-
sonable range showed little dependence of the final band
structure on these variations. Convergence of the self-
consistent iterations was performed with 14 k points for
Zr3Sb4 and 73 k points for Zr3Ni3Sb4, Hf3Ni3Sb4, and
Zr3Pt3Sb4 within the reduced Brillouin zones to within
0.0001 Ry where RKMAX is 8 and GMAX is 10. Relativis-
tic corrections were added in two stages. Scalar relativistic
corrections were added in the self-consistent cycle directly

while the spin-orbit interaction �SOI� was included using a
second-variational procedure.34

IV. COMPARISON OF BAND STRUCTURES
OF Zr3Ni3Sb4, Hf3Ni3Sb4,

AND Zr3Pt3Sb4

The electronic structures of all three compounds show
small semiconducting gaps �Fig. 3�. We find that the effect of
SOI is to reduce the band gap from 0.45 to 0.39 eV in
Zr3Ni3Sb4, from 0.58 to 0.51 eV in Hf3Ni3Sb4, and from
0.86 to 0.78 eV in Zr3Pt3Sb4. Though extended Hückel cal-
culations rarely do a good job in predicting band gaps, the
previous calculation for Zr3Ni3Sb4 �without SOI� gave a gap
of 0.57 eV, consistent with our results.27 There do not yet
exist experimental measurements for the band gaps in these
materials.

The electronic structures of Zr3Ni3Sb4, Hf3Ni3Sb4, and
Zr3Pt3Sb4 are remarkably similar, the valence band maxima
forming along the same directions which are apparently mul-
tiply degenerate along �N �called v1�, �H �called v2�, and
�P �called v3�. �Fig. 3� These bands arise primarily from
Hf/Zr d and Ni/Pt d hybridization, with some Sb p mixing.
In each case, the effect of SOI is to remove the degeneracies
from the bands and reduce the observed band gap by about
0.07 eV. As in the half-Heusler systems, the bands near the
Fermi level arise due to a strong hybridization of the three
elements.1

A closer study of the effective masses of these materials
shows that there are only two valence band maxima along
�H and �P in Zr3Ni3Sb4 and Hf3Ni3Sb4, the supposed
maxima along �N�v1� in these two compounds, which has a
slightly lower energy than the other two, is really a saddle
point with a minimum along the x direction �Table I�. The
effective mass tensor is defined as �ij =�2E /�kikj. The energy
near the band extrema can be written as35

2me/�
2 = �xxkx

2 + �yyky
2 + �zzkz

2 �1�

where me is the bare electron mass and a constant term has
been ignored. The values of the reciprocal mass tensor have
not been measured experimentally. The conduction band
minimum at the � point is doubly degenerate, one band more
dispersive than the other. The values of the reciprocal effec-
tive mass tensor are very similar, except for the heavier con-
duction band minima and no saddle point in the Pt com-
pound �Table I�.

V. COMPARISON OF THE BAND STRUCTURES
OF Zr3Ni3Sb4 WITH THE HALF-HEUSLER COMPOUND

ZrNiSn

A. Gap formation from parent binary compounds

The gap formation in the half-Heusler compounds
Y3+Ni0Sb3− and Zr4+Ni0Sn4− derives from a charge transfer
between the elements of the NaCl substructure with the
strong hybridization of the Ni d and Y/Zr d orbitals.1,2 Simi-
larly, in the Zintl-phase compounds the charge transfer in the
binary parent compound �Zr4+�3�Sb3−�4 to form the ternary
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�Zr4+�3�Ni0�3�Sb3−�4 should be important in understanding
the gap formation in these materials.

Before discussing the similarities between the Zintl-phase
and half-Heusler compounds, one should note the differences
as well. While both of the binary parent compounds are pre-
dicted to be semimetals, different bonding is seen for these
two compounds. The Zr d and Sn p orbitals in ZrSn �Fig. 4�
are much more separated than the Zr d and Sb p of the co-
valent network in Zr3Sb4 �Fig. 5� where the character of both
atoms are seen more prominently above and below the Fermi
energy. Neither of these binary compounds have been mea-
sured experimentally. Zr and Sn have not been found to form
in this cubic phase.36 While Zr3N4 and Hf3N4 have been
produced in the Th3P4 crystal structure under high
pressures,37,38 electrical measurements were not performed to

determine whether these materials are metallic, semimetallic
or semiconducting. Zr3Sb4 has not been produced as yet in
this crystal structure.

Previous calculations have been performed on other
Th3P4 structure materials. Some examples are the U3P4 �P
=P,As,Sb,Bi,Se,Te� �Ref. 39� and RE3S4 �RE=Nd, La�.40

In these cases the rare-earth atoms provide f electrons which
were treated with LSDA+U where Hubbard U corrections
are added to the local spin-density approximation �LSDA�.
The anti-Th3P4 compounds Sr4Bi3, Ba4Bi3, and Ba4As3 were
found to become semiconducting upon electron deficiency of
the Bi or As sites.41 The above examples are all metallic
since their electron count does not balance.

In contrast to the previous examples, the electron count of
the binary M3Sb4 �M =Zr,Hf� should exactly balance to

TABLE I. Calculated components of the effective mass tensor for the conduction band minimum �CBM�
and valence band maximum �VBM� of Zr3Ni3Sb4, Hf3Ni3Sb4, and Zr3Pt3Sb4.

�ij = �mij /me� Zr3Ni3Sb4 Hf3Ni3Sb4 Zr3Pt3Sb4

CBM ��� �xx=�yy =�zz 1.46 1.53 0.07

�xx=�yy =�zz 0.72 0.57 0.08

VBM �v1� �xx=�yy 0.21 0.27 0.50

�zz −0.04 −0.23 0.54

VBM �v2� �xx=�yy =�zz 0.17 0.19 0.12

VBM �v3� �xx=�zz 0.47 0.40 0.26

�yy 1.26 1.24 0.88

FIG. 3. Electronic structures of �a� Zr3Ni3Sb4, �b� Hf3Ni3Sb4, and �c� Zr3Pt3Sb4.
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form a semiconductor. We will show that it is weakly semi-
conducting, similar to the binary compound ZrSn which
forms the parent compound of the half-Heusler compound
ZrNiSn. Let us briefly review the gap formation in the half-
Heusler compound ZrNiSn.1,2 The gap formation in the half-
Heusler compounds has been understood by first studying
the parent binary compound ZrSn and then studying the ef-
fects of the inclusion of the Ni d levels in the gap formation
in the ternary. The parent binary compound is semimetallic
with bands crossing the Fermi level near the X point and the
� point. In ZrNiSn the strong Ni d-Zr d hybridization in the
conduction band near the X point leads to the formation of
the band gap �Fig. 4�.1,2

An understanding of the gap formation in Zr3Ni3Sb4
comes by studying what effect the Ni d orbitals have on
semimetallic Zr3Sb4. Using the experimental value of the
lattice constant of the ternary compound,1 we have calculated
the band structure of Zr3Sb4 �Fig. 5�. It can be seen that
Zr3Sb4 is also slightly semimetallic with a conduction band
crossing the Fermi level near the � point and valence bands
above the Fermi level along �H and �N �Fig. 5�. This is
consistent with the self-consistent APW calculations for
Th3Sb4, which is an existing compound.25 As can be seen,
the majority of Zr d bands lies above the Fermi level and the
majority of the Sb p bands lies below, consistent with the
view that these are mostly polar salts in the Zintl phase.18

The important question is how the inclusion of Ni changes
the bonding within this network.

Before looking at how Ni changes the band structure
when added to Zr3Sb4, it is important to review what hap-
pens when Ni is added to ZrSn. The opening of the band gap
in the half-Heusler compounds has been discussed in detail
before.1,2 The explanation by Larson et al.1 showed that the
Sn p states play little role in the gap formation while the Zr d
and Ni d hybridization opened the band gap. Zr d states form
the bottom of the conduction band with a strong Zr d char-
acter at the � point at the top of the valence band. Similarly,
Ni d states form the top of the valence band, except near the
� point, with a strong Ni d character at the bottom of the
conduction band at X. The strong hybridization between the
Ni d and Zr d states pushes up the overlapping bands at X in
ZrSn �Fig. 4� to form a semiconductor in ZrNiSn.

In Th3Ni3Sb4,25 it has been found that the Th d-Ni d hy-
bridization at the � point is much stronger than the Sb
p-Ni d hybridization and that this larger hybridization leads
to the formation of the semiconducting gap. This is true even
though the Ni-Sb distance �2.644 Å� is smaller than the
Ni-Th distance �2.874 Å�.25 Therefore, the interatomic dis-
tance is not a clear indicator of the local bonding, as is com-
monly used. We also find that, when Ni is added to Zr3Sb4 to
form Zr3Ni3Sb4, the gap formation is similar to that of the
half-Heusler compounds, when Ni is added to ZrSn to form
ZrNiSn. The strengths of the orbital characters in Zr3Ni3Sb4
�Fig. 6� show that the Ni d hybridizes more strongly with
Zr d than with Sb p. The Zr d-Ni d hybridization at the �

FIG. 4. The �a� Sn p and �b� Zr d orbital characters of
NaCl ZrSn, the parent compound of the half-Heusler ZrNiSn. The
size of the circles associated with the “fatband” representation cor-
responds to the orbital character of the band.

FIG. 5. The �a� Sb p and �b� Zr d orbital characters of Zr3Sb4.
The size of the circles corresponds to the amount of the orbital
character in the band. Note the similarity between the band charac-
ters in Zr3Sb4 and ZrSn �Fig. 4� with the Zr d above and Sb p
below EF forming a semimetal.
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point is much stronger than the Sb p-Ni d hybridization and
this leads to the formation of the semiconducting gap in
Zr3Ni3Sb4. The conduction band which dips below EF
Zr3Sb4 �Fig. 5�b�� hybridizes with the Ni d states �Fig. 6�c��
and is pushed up �Fig. 6�b��, opening a gap as in the half-
Heusler compounds. Again, the Ni-Sb distance �2.4858 Å� is
smaller than the Zr-Ni distance �2.7746 Å�.

B. Unusual discrepancy between the band gaps
from theory (LDA/GGA) and experiment

As in the half-Heusler structure, there seems an unusual
discrepancy between the experimental and theoretical band
gaps, the theoretical values being much larger than the ex-
perimental values,1,2,25 the opposite of what is usually found
in LDA/GGA calculations.42 The band gaps have not been
measured in Zr3Ni3Sb4, Hf3Ni3Sb4, or Zr3Pt3Sb4, but a com-
parison can be made with calculations and experiments in the
literature of materials in the same crystal structure. The situ-
ation seems even more confusing due to the comparisons of
the electronic structure calculations of the binary compounds
Th3X4 �X=P, As, Sb� with the ternary Th3Ni3Sb4. The cal-
culated band gap for the binary system Th3P4 by Takegahara
et al.25 gives 0.007 eV compared to the experimental value
of 0.40 eV, whereas in Th3As4 they find 0.05 eV compared
to the experimental value of 0.43–0.44 eV. For Th3Sb4 they

find a negative gap �semimetal� compared to the experimen-
tal value of 0.48 eV. The reason for this discrepancy was
attributed to the inadequate treatment of the exchange corre-
lation potential in LDA/GGA. The trend for the band gaps in
the ternary compounds is just the opposite. The calculated
value of the gap for the ternary Th3Ni3Sb4 is 0.37 eV com-
pared to the experimental value of 0.07 eV. These calcula-
tions were performed without the inclusion of SOI which can
be important for heavy atoms such as Th and are likely to
play an important role in changing the band gap.25

The discrepancy of finding a larger band gap in a band
structure calculation than found experimentally has also been
seen in the half-Heusler compounds.1,2,43 Ogut and Rabe2

tried to explain the observed smaller values of the band gap
in ZrNiSn by invoking disorder in the ZrSn lattice. �A recent
theoretical study of the energetics of this type of disorder44

leaves unresolved questions concerning why this particular
type of disorder forms.� Similar arguments have also been
put forward to explain the observed smaller gap in these
Zintl-phase compounds.25 While disorder of the ZrSn lattice
has been seen in ZrNiSn,45 there is no experimental evidence
of disorder in these Zintl-phase compounds, such as
Zr3Ni3Sb4, where the Zr and Sb sites are not equivalent,
which is the reason that the overestimation of the band gap is
not clear in these Zintl-phase compounds. More experiments
are needed to see if structural disorder may play a role, as in

FIG. 6. The �a� Zr d, �b� Sb p, and �c� Ni d orbital characters of Zr3Ni3Sb4. Again, the size of the circles corresponds to the amount of
orbital character. The orbital character for Zr d and Sb p is almost the same as in Zr3Sb4 �Fig. 5�, but the Ni d states hybridize with the Zr d
to open a band gap.
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the half-Heusler compounds, or if another explanation is
needed.

VI. SUMMARY AND CONCLUSIONS

Zr3Ni3Sb4, Hf3Ni3Sb4, and Zr3Pt3Sb4 have a low � due to
their complex unit cells.27 Our calculations also show aniso-
tropic effective masses, though much less anisotropic than in
the half-Heusler compounds.1,2 As pointed out for Y3Au3Sb4
and Y3Cu3Sb4,20 the multiply degenerate valence band
maxima away from the high symmetry points leads to a large
thermopower in these systems.46,47 The different values of
the band gaps allows for shifting the temperature range at
which the materials are useful.48 These Zintl-phase com-
pounds have promising power factors, however with a much
lower � due to their complex unit cells.27 Further experimen-
tal studies of these materials for their thermoelectric proper-
ties is warranted.

The application of the Zintl concept in these Ni-based
materials differs from those containing Cu or Au since the Ni
enters as a d10 into the Zr3Sb4 network. The binary com-
pound is already a Zintl-phase compound with strong cova-
lent bonding between the constituent atoms. Ni enters the
distorted tetrahedra sites which then weakly hybridizes with
the existing network. This cannot be described as ionic since
there is no charge transfer between Ni and the binary net-

work. This hybridization is important in moving apart the
Sb p and Zr d states, changing from a semimetallic state to a
semiconductor.

The physics of the gap formation in the half-Heusler and
the Y3Au3Sb4-structure Zintl-phase compounds is very simi-
lar: the introduction of Ni atoms into the semimetallic binary
compounds results in strong Ni d-Y/Zr d hybridization,
which opens a narrow band gap �ZrSn, YSb, or Zr3Sb4�.1
Since Zr, Sb, Sn, and Ni are not heavy elements, the inclu-
sion of SOI has only a small effect on the band structure,
such as minor splitting of the degenerate bands and a small
reduction of the band gap with no change in the shape of the
lowest conduction band or highest valence band.

Another similarity between the half-Heusler and Zintl-
phase compounds is the larger band gaps found in the calcu-
lation compared to experiment while the binary parent com-
pounds have smaller gaps than the experiment, the latter
consistent with LDA/GGA calculations. While this discrep-
ancy has been attributed to disorder in the atoms in the bi-
nary parent compounds,2,25 it is unclear what the reason may
be in the Zintl-phase compounds. Further study of a possible
disorder is needed for these materials.
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