
The increasing demand for alternative energy technolo
gies has sparked renewed interest in thermoelectric mat
erials, which directly convert waste heat into electricity. 
As solidstate energy converters, thermoelectrics offer 
simplicity compared with conventional systems that rely 
on a vapourcompression cycle. Thermoelectric genera
tors have been successfully used in space missions using 
radioisotope heat sources, which last more than 30 years1. 
In another example, the automotive industry is investi
gating thermoelectric materials for recovering waste 
heat from exhaust systems2, in which cost, reliability and 
safety, as well as efficiency, are important considerations.

Unfortunately, the thermoelectric conversion effi
ciency of these devices is generally low because, like any 
thermodynamic heat engine, it is limited by the Carnot 
efficiency (that is, the maximum thermodynamically 
possible efficiency of a heat engine) and also by the effi
ciency of the thermoelectric material itself, character
ized by the ‘figure of merit’ (termed zT). The basics of 
thermoelectric transport and the different approaches to 
improve zT are explained in BOX 1. Strategies to develop 
more efficient thermoelectrics include the investigation 
of materials such as skutterudites3,4, clathrathes5–8, chal
copyrites9–11 and other Zintl compounds12–16, or the engi
neering of existing thermoelectric materials17–20. Many of 
these materials have promising thermoelectric properties 
because of their complex crystal and electronic structures. 
More specifically, most of these materials can be consid
ered as Zintl compounds, which comprise electropositive 

cations that donate their valence electrons to form an 
anionic framework and a closed valence shell configura
tion achieved by combining formal charge transfer with 
covalent bonding21–25 (BOX 2). As a consequence of the 
complex anion framework that contributes to a low lattice 
thermal conductivity, Zintl compounds can have large 
unit cells26. Zintl phases can be alloyed to control their 
carrier concentration and to influence the electron and 
phonon transport. In addition, simple valence rules can 
be used to find new compositions13–16,27–30.

HalfHeusler compounds with the composition 
XNiSn and XCoSb (X = Ti, Zr or Hf) have become 
important thermoelectric materials for use in waste 
heat recovery applications. This is because of their 
high thermoelectric performance, low toxicity, rela
tively inexpensive elemental composition and robust 
mechanical properties. As a consequence of their high 
lattice thermal conductivity, much prior work has 
focused on the reduction of the thermal conductivity 
by varying the chemistry, processing and microstruc
ture of the compounds31,32.

There are many compounds and alloys (that is, solid 
solutions and mixtures with other halfHeusler phases 
or small quantities of other structural types) with the 
halfHeusler structure displaying a rich chemistry that 
are studied for various different physical properties (for 
example, magnetism and halfmetallicity)32–38, leading 
to greater interest in the understanding of the electronic 
structure and the prediction of new phases39–45.
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Abstract | Half-Heusler compounds based on XNiSn and XCoSb (X = Ti, Zr or Hf) have rapidly 
become important thermoelectric materials for converting waste heat into electricity. In this 
Review, we provide an overview on the electronic properties of half-Heusler compounds in an 
attempt to understand their basic structural chemistry and physical properties, and to guide 
their further development. Half-Heusler compounds can exhibit semiconducting transport 
behaviour even though they are described as ‘intermetallic’ compounds. Therefore, it is most 
useful to consider these systems as rigid-band semiconductors within the framework of Zintl 
(or valence-precise) compounds. These considerations aid our understanding of their 
properties, such as the bandgap and low hole mobility because of interstitial Ni defects in 
XNiSn. Understanding the structural and bonding characteristics, including the presence of 
defects, will help to develop different strategies to improve and design better half-Heusler 
thermoelectric materials.
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Box 1 | Strategies for improving the thermoelectric efficiency

The efficiency of a thermoelectric material is governed by its ‘figure of merit’, termed zT. This depends on the Seebeck 
coefficient (thermopower), α, electrical conductivity, σ, thermal conductivity, κ, and the temperature of operation, T. 
The thermal conductivity itself is a sum of its thermal and electronic contribution, κL and κel, respectively. Although 
many of these parameters are heavily interdependent49 — for example, a large α usually results in a low σ, or a large σ 
increases κ — there are ways to optimize or decouple these different parameters. For example, optimization can be 
achieved by controlling the carrier concentration of a material (panel a), because each of these parameters is 
dependent on the amount of mobile carriers14,49. A low thermal conductivity (panels b, c and d) can be achieved by 
inhibiting the transport of heat through lattice vibrations called phonons. A common approach is to introduce 
boundaries from nanometre-scale microstructures (panel b) that scatter phonons at interfaces19,117–119. Low average 
phonon velocity can be achieved with very complex crystal structures (panel c) of different bonding environments and 
large unit cells14,15,26. Superionic materials exhibit high disorder scattering and liquid-like phonon behaviour120,121 
(panel d). Simultaneously, high thermopower and high electrical conductivity can be obtained by multiple degenerate 
valleys in the band structure (panel e) that is enhanced by band convergence17,18,122,123.
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HalfHeusler compounds are generally considered to be 
simple intermetallic compounds and are therefore regarded 
as a very different kind of thermoelectric (typically semi
conducting) material. Although halfHeusler compounds 
are not often considered as Zintl compounds42, many of the 
same bonding and doping principles developed for Zintl 
compounds are helpful in explaining and understanding 
the structure and bonding in halfHeusler compounds, 
as well as improving and predicting new materials. This 

knowledge could lead to an improvement in the thermo
electric properties of these materials. In this Review, we 
use published data of ntype XNiSn (X = Ti, Zr or Hf) 
halfHeusler compounds to expand our understanding 
of their chemistry and electronic properties. We provide 
a simplified model for the electronic and transport prop
erties of halfHeusler materials, hopefully leading to a bet
ter understanding of possible strategies and limitations in 
optimizing the thermoelectric efficiency.
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Furthermore, a consistent picture for XNiSn is only 
reached by including disordered, interstitial Ni with 
about 5% occupancy on the fullHeusler site, which is 
nominally vacant in the halfHeusler structure. Also, 
in this case, Zintl chemistry can help to explain why 
Ni on this site does not lead to electronic doping, but 
instead significantly changes the valence band structure. 
The valence band produced by the interstitial Ni is very 
narrow, producing heavy, low mobility holes.

Zintl chemistry in half-Heuslers
HalfHeusler compounds are often described as interme
tallics with a 1:1:1 stoichiometry of three interpenetrat
ing facecentred cubic (fcc) sublattices33. In this Review, 
we use the general formula XYZ for thermoelectric half 
Heusler compounds in which, unless designated other
wise, X (Ti, Zr or Hf), Y (Ni or Co) and Z (Sn or Sb) 
are located at the Wyckoff positions: X occupies 4a (0, 
0, 0), Y occupies 4c (1/4, 1/4, 1/4) and Z occupies 4b 
(1/2, 1/2, 1/2). The Wyckoff position 4d (3/4, 3/4, 3/4) 
makes an unoccupied fourth fcc sublattice, which would 
result in the fullHeusler XY2Z structure if filled with 
more Y atoms. In the halfHeusler structure, position 
4c is unique, being a quarter of a cell (tetrahedrally 

coordinated, analogous to ZnS) away from both other 
sublattices, which are half a cell (octahedrally coor
dinated, analogous to NaCl) shifted from each other. 
Switching all of the X and Z elements on the 4a and 4b 
positions results in the same, but inverted, structure, but 
switching X or Z with the Y element would make a dif
ferent material. Thus, there could, in principle, be three 
distinct variants for the elements XYZ with halfHeusler 
structures depending on which element is in the tetra
hedral (4c) site46. However, as a result of the chemistry, 
only one variant is stable. In some cases, a different 
site is assigned to be vacant, resulting in a different all 
tetrahedral site46. For example, 4b can be vacant and 4d 
can be filled, which makes 4a the alltetrahedral site47. 
Ab initio calculations confirm that the differences are 
significant33, and, as a result, it is important to realize 
that some databases (for example, the Inorganic Crystal 
Structure Database (ICSD)) have the positions of the 
elements assigned incorrectly.

HalfHeusler compounds have a substructure similar 
to a diamondlike ZnS lattice (FIG. 1). This substructure 
is formed by the elements with the smallest difference in 
electronegativity, usually Y as Ni or Co and Z as Sn or Sb.  
Typically, the most electronegative element Z (Sn or Sb) 

Box 2 | Structural motifs in Zintl compounds

Zintl phases or compounds are solids comprising very electropositive cations (such as group 1 and 2 elements)  
and the more electronegative, non-metallic elements of group 13 to 16. In Zintl phases, such as NaTl, FeS2 or CaSi,  
the most electropositive component donates all valence electrons to the anion. According to the Zintl–Klemm 
concept23–25, the anion forms a covalently bonded substructure in which the resulting Zintl framework forms 
according to its valence electron count in a similar manner to simpler structures22. For example, the Zintl anion Tl−  
in NaTl exhibits four valence electrons and forms (following the octet rule) a diamond structure23 with Na+ as the 
counter ion. Other examples are pyrite (FeS2), in which S2

2− pairs form, and CaSi, in which Si2− form continuous silicon 
chains according to the valence electron count of elemental sulfur. Ca3AlSb3 and Ca14AlSb11 are prominent examples 
for good thermoelectric Zintl phases with infinite tetrahedral (AlSb4)n chains15,28,29,124,125, and AlSb4

9− tetrahedra and 
Sb3

7− dumbbells, respectively126–128. These covalently bonded Zintl frameworks provide an ideal scaffold for 
thermoelectric optimization by means of doping12–14,16,26,49,129.
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and the most electropositive element X (often Ti, Zr or 
Hf), which have the most ionic interaction, form the 
NaCl sublattice (4a and 4b) with octahedral coordina
tion, leaving the alltetrahedral site to the intermediate 
electronegative element Y (Ni or Co). This is not always 
the case; for example, MgAgAs is an exception, which is 
notable because it is often considered to be the structural 
prototype33. In the MgAgAs structure, the most electro
negative element, As, is on the alltetrahedral site rather 
than the intermediate electronegative element, Ag. If 
the naming of the compound is to match those of other 
halfHeusler compounds, the formula should be given 
as MgAsAg.

HalfHeusler compounds can exhibit semiconduct
ing transport behaviour even though they are described 
as intermetallic compounds. In this Review, however, 
we define ‘true intermetallic compounds’ as metals that 
have welldefined crystal structures in which the elec
tronic configuration may not be described by a simple 
closedshell approach (that is, using a Zintl chemistry 
description). Indeed, by applying the concepts of Zintl 
compounds to halfHeusler compounds, as proposed by 
Whangbo and coworkers48, we can simplify the discus
sion and understanding of these materials, similar to how 
our understanding of other complex semiconductors has 
been aided by the same approach14,49.

The number of electrons in many simple semi
conductors can generally be explained with simple valence 
counting rules that account for the number of electrons 
required to fill the valence band (often bonding) orbit
als separated by a bandgap with the empty conduction 
band (often antibonding) orbitals. The semiconducting 
halfHeusler compounds are frequently associated with 
an 18electron rule (or sometimes 8electron rule, as 
in LiAlSi (REF. 33)), which suggests that it may be helpful 
to describe halfHeusler compounds in the same way that 
we describe complex semiconductors34,48,50.

Zintl compounds typically contain metallic elements 
that form bonds and electronic structures reminiscent 
of nonmetals23. In Zintl (as opposed to intermetallic) 
compounds, the structure and bonding strongly cor
relate to the valence electron count (VEC) that drives 
stability and electronic structure. A correlation between 
the structural pattern and the valence electron num
ber is therefore necessary for the description of a com
pound as a Zintl phase24. The valence electron rule for 
XYZ halfHeusler compounds can be rationalized in the 
Zintl–Klemm concept25, in which the most electropos
itive element X donates all of its valence electrons to 
the more electronegative elements Y and Z. As a result, 
halfHeusler compounds can be described as Xn+(YZ)n−.  
Y and Z form a covalent tetrahedrally bonded sub
lattice, acting as a Zintlanion framework backbone 
(purple tetrahedra in FIG. 1), with a similar electronic 
structure to the covalently bonded structure of ZnS 
or Si with the zinc blende (or diamond) structure (see 
the NaTl structure in BOX 2). In the case of LiAlSi, the 
(AlSi)− anion has the same electronic configuration as Si 
with Li+ in the octahedral holes to balance the charge33. 
As a consequence of the transfer of electrons, each of 
the elements reaches a closedshell configuration, lead
ing to an 8electron configuration for LiAlSi and an 
18electron configuration for XYZ, in which Y is a d10 
transition metal.

The structure, bonding and stability relationship in 
Zintl compounds can be facilitated by electron count
ing using a Zintl valence concept. In general, Zintl com
pounds are thought to comprise a covalently bonded 
network of complex anions in which the charge is bal
anced by simple cations that donate their valence elec
trons to reach a noble gas configuration. Traditionally, 
the VEC and octet rule (b = 8 – VEC, where b is the 
number of bonds) were used to predict bonding in Zintl 
phases51. Now, a Zintl chemistry valence concept is more 
useful because the bonds can be easily observed from the 
structural refinements, and we need to understand the 
electronic structure in terms of doped or metallic Zintl 
compounds52. Here, we define the valence of an atom 
(following the octet 8 − N rule, where N is the number of 
bonds)53 as the number of excess electrons an atom brings 
to the structure relative to the number of electron orbitals 
it is adding to the valence band:

Vc = ec – bc (1)

Va = ea + ba – 8 (2)

For each atom (where c denotes cations and a denotes 
anions), V is the valence, e is the number of valence elec
trons and b is the number of bonds14. For example, in 
LiAlSi, Li is Li+ because it donates one electron to form 
(AlSi)−, but Li does not contribute to the number of orbit
als in the valence band. Each of the fourbonded Al (with 
e = 3) and Si (e = 4) sites require four (b = 4) electrons per 
atom for the bonding, giving Al1− a valence of −1 and Si0 
a valence of 0. The stoichiometric sum of the valences 
in LiAlSi is 0, and, as a result, a Zintl semiconductor can 
be expected from the electronic structure. It should be 
noted that the valence of a covalent atom may not well 

Figure 1 | Schematic representation of the 
half-Heusler structure. Half-Heusler compounds have 
the composition XYZ, consisting of a covalent, 
diamond-like (or ZnS) substructure of the (YZ)n− Zintl 
chemistry framework (purple tetrahedra) formed by the 
tetrahedral coordination of Y atoms (purple) and Z atoms 
(blue). The electropositive Xn+ (red) fills the octahedral 
voids around the tetrahedral framework.
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represent its charge, as demonstrated by Al1−; it would be 
more accurate to calculate the charge from the electron 
density50. Alternatively, all of the (AlSi)− bonding orbitals 
can be assigned to Si rather than equally shared with Al, 
making Al a cation and resulting in valences Al3+ and Si4− 
that match the expected isolated ionic charge. Regardless 
of the procedure used to assign valence (for example, 
Al1− or Al3+ above), (AlSi)− has the correct number of 
valence orbitals to be a semiconductor. 

Zintl compounds that contain transition metals can 
be derived from binary compounds in the same way that 
other Zintl compounds can, as long as the d electrons 
are accounted for in the valence count51. HalfHeusler 
compounds containing transition metals can be under
stood by analogy. To this end, the bonding environment 
in halfHeusler compounds and the evolution of the 
molecular orbitals33 are given in FIG. 2a–e. The atomic 
orbitals and molecular orbitals have been colour coded 
to depict different elemental contributions. In the case of 
ZrNiSn, the anion network of (NiSn)4− is a fourbonded 
diamondlike substructure that forms bonding and anti
bonding molecular orbitals of the formal anion states 
(YZ)n−. Because this is a tetrahedral bonding environ
ment, these bonding and antibonding molecular orbitals 
normally comprise Ni and Sn s and p atomic orbitals33. 
There will, however, be some interaction between the 
Ni d orbitals of the same symmetry and the Sn4− s and 
p orbitals, leading to a slight increase in the a1* and t2* 
molecular orbital energies and a decrease in the e and 
t2 molecular orbital energies45. The interaction of the 
Ni d atomic orbitals in the (NiSn)4− molecular orbital 

(FIG. 2c) with the more electropositive Zr4+ d atomic 
orbitals in its octahedral crystal field environment 
results in a splitting (bonding interaction) of the Ni and 
Zr4+ d orbitals. This interaction leads to the bandgap 
in halfHeusler compounds comprising two transition 
metals33,45. Furthermore, a mixing or interaction of the 
pbonding orbitals of (NiSn)4− can be expected with Zr4+  
d orbitals that have appropriate symmetry in the octahe
dral Sn coordination environment (indicated in FIG. 2d,e 
but omitting a full octahedral molecular orbital diagram). 
The interaction of Zr4+ d orbitals with the bonding p 
orbitals of the anionic framework introduces a valence 
band edge with Zr4+ dorbital character. 

The molecular orbital approach can be translated 
into density of states54, enabling a simplified sche
matic of the density of states of ZrNiSn (FIG. 2f). The 
atomic orbitals of Zr4+ are higher in energy because of 
the higher electropositive character, and therefore the 
orbital contributions to the conduction band are from 
the interaction between Zr4+ d orbitals and Ni d orbit
als. The filled d orbitals will have mostly Nilike char
acter. However, it should not be forgotten that there 
is mixing of the Zr4+ and Ni d orbitals, which can be 
seen in the calculated partial density of states (FIG. 2g), 
in which there is some Zr4+ contribution, although less 
than Ni, to the flat d band. The flat Ni d orbitals are not 
at the valence band edge because of a larger overlap of 
the bonding s and p orbitals. This leads to a wider band 
dispersion, as well as the interaction between Ni d and 
Sn s–p orbitals, which move the Ni d orbitals further 
downwards in energy. Density functional theory (DFT) 

Figure 2 | Density of states evolution via molecular orbitals. Colour-coded atomic orbitals of tetrahedrally coordinated 
Ni in a zero valence (d10) configuration (panel a) and the more electronegative (that is, atomic orbitals are lower in energy) 
Sn4− (panel b). The resulting molecular orbitals of (NiSn)4− with the bonding and antibonding s or p orbitals are shown in 
panel c; the filled Ni d orbitals are non-bonding. Molecular orbitals of ZrNiSn and the atomic orbitals of Zr4+ are depicted in 
panel d and e. The interaction of the Ni and Zr d orbitals leads to a bandgap and forms the valence and conduction bands, 
and results in a valence band edge with Zr d character (panel d). Panel f is the schematic formation of the density of states in 
Xn+(YZ)n−. The s–p bonding orbitals of the tetrahedrally (sp3 hybridized) coordinated Zintl-anion framework form the lower 
energy valence band (blue) with the Xn+ cation contribution in the valence band edge (orange), because of the Xn+ d-orbital 
interaction with the YZn− framework. The localized, non-bonding d orbitals of Y form a flat and heavy valence band (purple). 
Panel g depicts the calculated partial density of states of ZrNiSn, showing the different elemental contributions 
(Supplementary information S1 (box)). EF, Fermi energy.
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calculations confirm this general picture for the elec
tronic structure in FIG. 2g, in which mostly X element 
dorbital character can be found at the valence band 
edge as a consequence of the interaction with the (YZ)n−  
bonding orbitals43,55. The calculated orbital projected 
partial density of states and full band structure can be 
found in Supplementary information S2–S4 (figures).

These energetic configurations can change depend
ing on the composition of the material. A stronger Y and 
Z bonding interaction will increase the energy separa
tion of the bonding and antibonding molecular orbitals 
(a1, t2 and a1*, t2*), resulting in an s or p valence band at 
lower energies and Y d orbitals at the valence band edge. 
By contrast, the substitution of X (for example, Zr) with 
an element of higher electronegativity (lower in energy) 
will ultimately increase the influence of X on the heavy 
Y d orbitals, leading to changes in electronic transport.

Ni has a full d10 electron configuration that overlaps 
with the s–p bonding orbitals of (NiSn)4− (FIG. 2). This has 
been confirmed by DFT calculations, which show that 
all of the flat and heavy d bands are well below the Fermi 
level48. These localized nonbonding d orbitals require 
ten electrons for each Ni atom or all ten valence electrons 
that a Ni atom contributes. Valence band states for holes, 
having some influence from the Ni d band, are heavy and 
therefore exhibit low carrier mobility. This is in contrast 
to the relatively light conduction band, which leads to 
the better ntype performance compared with the ptype 
performance in ZrNiSn (REFS 56,57).

The size of the bandgap that is formed depends on 
the hybridization between the d orbitals of X and Y, as 
well as the bond strength between Y and Z, in this case 
Ni and Sn, and more specifically their s–porbital inter
action33. For X = Ti, Zr or Hf, the bandgap is essentially 
the same for the different cations43, because their elec
tronegativity is similar. Therefore, solid solutions or even 
composites with these cations should have relatively little 
effect on the bandgap and other electronic properties, 
which is indeed the case43. However, chemically different 
cations, such as Nb, have already been shown to increase 
the bandgap and the densityofstates effective mass in 
the conduction band58.

The bandgap of XCoSb is found to be larger than the 
bandgap in XNiSn (REF. 59), because the covalent (YZ)n− 

network changes significantly between the alloys (Co 
orbitals are higher in energy than Ni orbitals)60, and the 
energetic separation of the bonding and antibonding 
orbitals is also larger. This large bandgap suppresses the 
onset of bipolar conduction compared with the XNiSn 
system, allowing good thermoelectric performance in 
ptype XCoSb at temperatures higher than 1,000 K (REF. 61). 
Changes or substitutions of the Y or Z elements can be 
expected to engineer the bandgap and effective mass, m*, 
depending on electronegativity and bond strength.

A similar electronic structure to XNiSn is observed 
in ternary compounds described with a valence 
(X4+)3(Y0)3(Sb3−)4 with X = Zr or Hf and Y = Ni or Pt 
(REF. 42). Describing the bonding and electronic interac
tions using a Zintl concept is valid and provides a good 
understanding of how the different bonding interactions 
in halfHeusler compounds influence the electronic 

density of states. Using a qualitative scheme of mole
cular orbitals leaves us with a good explanation for the 
calculated partial density of states (FIG. 2).

Half-Heusler defect chemistry
The Zintl–Klemm concept for bonding and valence 
can also be used to understand defects in halfHeu
sler materials. Point defects, such as atomic vacancies, 
atomic impurities and interstitial atoms, appear to 
control the thermal and electrical transport properties 
in halfHeusler materials in even more ways than in a 
typical semiconductor. For example, in Zr4+NiSn4−, the 
valence electrons of the Xn+, in this case Zr4+, are needed 
to fill the (NiSn)4− bonding orbitals that make up the 
valence band, similar to LiAlSi. Aliovalent substitution 
of Zr4+ with an element of a different valence (for exam
ple, Sc3+) should alter the electron count in an easily 
predictable way (resulting in a ptype material with Sc 
substitution)62–64; however, isovalent substitution of Zr 
(for example, with Ti or Hf) should have little effect. For 
ntype materials, the substitution of elements with ele
mental neighbours in the periodic table containing addi
tional electrons, such as Sb on Sn sites, is effective and 
easily explained within a Zintl chemistry valence con
cept. Similarly, cation doping for ptype materials and 
anion doping for ntype mat erials is expected to be most 
effective and least disruptive to electron transport65,66. 

Vacancies can also be understood within the Zintl 
bonding concept. Cations, such as Zr4+, donate elec
trons, adding orbitals to the conduction band, but not to 
the valence band; because the number of valence band 
orbitals is unaltered, cation vacancies lead to electron 
deficiency or ptype electronic transport12,16. Anion 
vacancies lead to excess electrons in ionic materials 
because of the removal of valence orbitals, but in cova
lent structures the valence orbitals are still needed for 
bonding (or can be interpreted as additional lone pair 
orbitals in, for example, BaGe5 and Ba8Ge43)67–69. For Ni 
vacancies in Zr4+NiSn4−, this means that the localized  
d orbitals are removed from the system, but the four addi
tional electrons needed per (NiSn)4− are required for sp3 
tetrahedral bonding. Ultimately, Ni vacancies or excess 
Ni (with a d10 configuration) should be largely electron 
neutral (effectively Ni0 by assigning bonding (NiSn)4− 
orbitals to Sn as Sn4−) such that nonstoichiometry in 
the form of ZrNi1+ xSn can be expected to not move the 
Fermi level outside the bandgap (that is, not act as an 
efficient dopant). However, antisite defects (for example, 
Ni on Sn sites) are expected to be much higher in energy 
because the Zintl description gives each element a very 
different function and valence.

Indeed, no antisite defects but significant non 
stoichiometry in ZrNi1± xSn with x = ~0.05 have been 
observed47,70–72 in nominally stoichiometric ZrNiSn, in 
which at least 5% of the Ni is on the interstitial 4d site, 
which is fully occupied in the fullHeusler structure70,73–75. 
Such a large amount of excess Ni in undoped ZrNiSn 
(typically displaying intrinsic but slightly ntype behav
iour) implies that the extra Ni is primarily uncharged, 
requiring aliovalent substitution (for example, Sb on Sn 
sites) for extrinsic semiconducting properties.
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Although interstitial Ni should not be a strong 
dopant, significant effects on the electronic band struc
ture are expected if x is large in ZrNi1+ xSn by adding 
filled d orbitals to the electronic structure. The exper
imental bandgap, Eg (around 0.15eV)64,76, of ZrNiSn 
is much smaller than expected by DFT (0.5 eV)42,43,77. 
This is highly unexpected because DFT usually under
estimates, not overestimates, the bandgap78. Excess Ni 
on interstitial sites are expected to produce filled (each 
Ni interstitial site contributes ten electrons with its d 
orbitals) ingap states79–81, shown schematically in FIG. 3. 
The interstitial Ni d orbitals are filled and, hence, the 
Fermi level is not expected to be pinned in the impurity 
states. Interstitial d orbitals have poorer bonding with Z 
atoms than with the normal Y atoms and are therefore 
higher in energy. Considering the molecular orbitals 
(FIG. 2d), it is easily understandable that noninteracting 
d orbitals will lead to additional states in the bandgap. 
These interstitial states have been calculated72,79 to be 
near the conduction band edge in ZrNi1+ xSn (FIG. 3). 
The presence of these states and of disordered atoms 
are needed to explain the thermal and electronic trans
port properties of ZrNiSn, such as the predominance 
of disorder scattering similar to an alloy for both elec
trons and phonons even in unalloyed ZrNiSn64,76,81,82, 
and have been observed directly by Xray photoelectron 
spectroscopy71,83.

Despite a drastically reduced bandgap as a result 
of the Ni interstitial band, ntype XNiSn is not over
whelmed by bipolar conduction because the holes 
have very low mobility84. Normally, when the bandgap 
is small relative to the thermal energy, kBT, minority 
carriers of the opposite sign will be thermally excited. 
These minority carriers will reduce the thermopower, 
α, but only if they have appreciable mobility, μ (REF. 85). 
This is because the total thermopower, αtotal, for multiple 
carriers is given by the sum of individual α, weighted by 
the individual electrical conductivity, σ (REF. 86):

αtotal = (αnσn + αpσp)/(σn + σp) (3)

The flat Ni interstitial bands have a high m* and there
fore low μ and low σ (σ = neμ). This impurity valence 
band has such low mobility that its ability to reduce the 
thermo power is suppressed until higher temperatures are 
reached. The effective bandgap in ntype XNiSn is 0.3 eV 
instead of the actual 0.15 eV gap64.

The solubility of excess Ni may also be related to 
microstructure and therefore to strategies that reduce 
thermal conductivity by forming composites87. For 
example, the disorder of Ni defects in XNi1+ xSn adds 
entropy that enhances the temperature dependence of 
the Ni solubility. This should lead to solidstate nano
particle precipitation mechanisms88, which may explain 
fullHeusler endotaxial nanoparticle formation in 
halfHeusler compositions89,90. Such nanoparticle com
posites have not only been studied for their ability to 
reduce lattice thermal conductivity but also for their 
possible effects on the electronic structure32,35–38.

In the case of XCoSb, X donates four valence elec
trons forming a CoSb4− subunit, in which Co exhibits a 
nominal valence of −1 to form the d10 configuration. A 
Co vacancy will not be electron neutral unless it forms 
a localized d9 configuration, which is unlikely. Thus, 
XCoSb is expected to remain stoichiometric, as has been 
observed experimentally91, in contrast to XNi1+ xSn.

Empirical transport model in half-Heuslers
The prediction of the semiconducting transport prop
erties of Zintl phases using m* has proved to be a 
powerful tool to understand and optimize these mat
erials10,15,16,28,29,92. Models using m* implicitly fit transport 
data to a parabolic band model, in which deviations from 
the model can be used to identify multiband or non
parabolic band effects93,94. In this Review, we attempt to 
understand halfHeusler compounds using m* to confirm 
the picture of a Zintl compound semi conductor. Readers 
are referred to May et al.92 for detailed information on 
the methods used. Even though it would be of interest to 
understand the properties of halfHeusler compounds at 
high temperatures, at which the zT is highest, the model 
used is most accurate at low temperatures in the region of 
a single carrier type. Furthermore, there is a significant 
lack of Halleffect data at higher temperatures. As a result, 
we analyse the published Seebeck coefficient, α, as a func
tion of Hall carrier concentration, nH, for various ntype 
XNiSn alloys82,95–105 at 300 K (FIG. 4). A table of the chemical 
compositions of these halfHeulser compounds and their 
corresponding transport data (Seebeck coefficient and 
carrier concentration) can be found in Supplementary 
information S5 (table). FIGURE 4 compares transport data 
with a modelled Pisarenko relation (α as a function of 
nH) using the parameters for m*, and drift mobility, μ0, 
obtained by Zhu and colleagues82. Unfortunately, a similar 
analysis for ptype XNiSn is not possible because of a lack 
of good Hall data, possibly as a result of the low mobility 
of the holes.

The data in FIG. 4 generally follow the trend of a semi
conductor, corroborating the Zintl chemistry formalism 
and the conclusion of a semiconductortype band behav
iour in the halfHeusler compound, XNiSn. However, 
there is substantial scatter in the data, which may be 

Figure 3 | In-gap states formation via d orbitals from interstitial Ni. a | Schematic 
diagram of the density of states in Xn+(YZ)n− showing the in‑gap Ni states (purple) 
resulting from intrinsic defects. These extra states in the bandgap lead to a smaller 
observed optical bandgap, Eg (REF. 64). b | Calculated band structure showing the band 
within the energy gap near the conduction band edge79. EF, Fermi energy. 
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related to impurity phases and multiple components 
in alloys. Multiphase behaviour can lead to significant 
deviations from the single m* model because of in ho
mogeneous carrier concentrations or band structure106. 
It is well known that halfHeusler compounds are prone 
to the formation of impurities, influenced by the compo
sition and synthesis procedure38. For example, the XNiSn 
phase appears to require a synthetic Ni excess73,82 with 
the excess Ni in the empty fourth sublattice, resulting 
in the aforementioned ingap states. At large values of 
x metallic fullHeusler inclusions can nucleate31,107–111, 
strongly influencing the electrical conductivity and 
apparent carrier concentration even before such parti
cles form a percolation path106. Furthermore, it has been 
shown that even samples that seem to be phase pure can 
be composed of multiple halfHeusler phases with only 
slight variations in lattice parameters and therefore small 
differences in stoichiometry and carrier concentration112.

The scatter in the reported values and the possible 
increase of m* with nH could be consequences of the com
plex band behaviour. This influence of a changing m* 
may occur as a result of a lighttoheavy band transition 
at increasing carrier concentration, as seen in La3 − xTe4, 
possibly because of the change to more Zr orbitals or 
the (NiSn)4− orbitals at higher energies113. In this case, a 
reduced bonding interaction between Y and Z in ntype 
materials is expected to lead to an increased contribution 
of the (YZ)n− antibonding bands to the transport at lower 
carrier concentrations as these shift to lower energies. 
This would imply the possibility of achieving band con
vergence in halfHeusler materials, potentially leading to 
better thermoelectric performances.

As a consequence of this strong tendency of 
im purity formation, it was not possible to analyse 
the Pisarenko relation of many published XCoSb 

compounds. Magnetic secondary phases that can be 
formed (for example, in fullHeusler compounds or 
elemental Co)111 may cause the unreliable Hall data in 
the literature. Nevertheless, it has been shown that sys
tems with ptype XCoSb1− xSnx can be described with 
a single m*, when there are no magnetic impurities 
present114 (results are shown in FIG. 4). For reference 
purposes only (as the true mass will depend on the 
scattering), m* = 10 me (acoustic phonon scattering) and 
μ0 = 3.6 cm2 Vs−1 show good agreement with published 
data, again corroborating semiconducting behaviour in 
halfHeusler compounds81. This higher densityofstates 
effective mass at higher carrier concentrations may 
indicate a Fermilevel location deeper in the valence 
band, in which the Co d orbitals are mainly contributing 
to the high density of states.

In another ptype system (Nb/V)FeSb, the validity 
and utility of an m* model have been shown. More spe
cifically, increasing the ratio of V results in an increase in 
the m* of the valence band115,116. In the Zintl formalism, 
that can be understood because of the lower electroneg
ativity difference between V and the Fe–Sb framework,  
V will contribute more to the covalent bonding, and 
more V orbitals will mix with the valence band edge, 
explaining the increase in m*.

Conclusions
HalfHeusler compounds can be understood using Zintl 
chemistry, in which the different bonding interactions 
of a covalently bonded sublattice and the more ionic 
interaction to the most electronegative cation explain 
the existing electronic structures. Rather than think
ing of these materials as intermetallic compounds, 
we instead use Zintl chemistry to explain the precise 
valence electron count and the resulting large bandgap 
that can be used to predict new HalfHeusler com
pounds. In addition, the growing evidence for excess 
interstitial Ni in XNiSn can explain the unexpectedly 
small bandgap and unusually low hole mobility that 
allow good thermoelectric performance of the ntype 
material. Ultimately, understanding the bonding inter
actions and their influence on the electronic structure 
may lead to strategies that can optimize the chemistry of 
halfHeusler compounds and possibly engineer defects 
for improving their electronic properties.

An evaluation of the literature data suggests that 
to first order it may be possible to describe the ntype 
XNiSn and some ptype XCoSb halfHeuslers as rigid 
band semiconductors with an effective mass. The ten
dency of halfHeuslers with mixed X atoms to form 
impurity phases appears to lead to composites with 
deviations in transport properties. Nevertheless, such 
a model can be used to deduce the effect of band engi
neering the mobility, μ, and effective mass, m*, using 
chemical doping strategies within a Zintl chemistry 
concept. Although multiphase materials may ulti
mately be superior for thermoelectric applications, 
there is still much to learn about the complex elec
tronic structure in these materials from theoretical and 
experimental investigations of model, singlephase 
compositions.

Figure 4 | A Pisarenko plot of half-Heusler compounds. 
The Seebeck coefficient, α, as a function of the Hall carrier 
concentration, nH, for various n-type XNiSn 
(REFS 82,95–105) and p-type XCoSb (REF. 114) half-Heusler 
compounds at 300 K. For n-type XNiSn, the data obtained 
using the parameters of Xie et al.82 reveal an effective mass, 
m*, of 2.9 me and a drift mobility, μ0, of 30 cm2 Vs−1, and show 
that a semiconducting band model describes the trend for 
XNiSn half-Heusler compounds. There is substantial scatter 
in the m* of literature data that may be a consequence of 
impurities and compositional variations. For p-type XCoSb, 
a larger m* (10 me) and a smaller μ0 (3.6 cm2 Vs−1)114 is shown.
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Web summary

 000 Engineering half-Heusler thermoelectric 
materials using Zintl chemistry
Wolfgang G. Zeier, Jennifer Schmitt, Geoffroy Hautier, 
Umut Aydemir, Zachary M. Gibbs, Claudia Felser and 
G. Jeffrey Snyder
In this Review, the structure, bonding and defects of 
half-Heusler compounds are explained in terms of the 
framework of Zintl (or valence-precise) chemistry. This 
deeper understanding of the structure and electronic 
properties of half-Heusler compounds should aid the 
design of improved thermoelectric materials.
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