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B. The chemical stability Þeld reveals tendencies towards
off-stoichiometry and identiÞes the leading

charge neutral defects

The formation of ABC ternary under a given set of
chemical potential condition with �µ A,B,C < 0 requires
that�µ A + �µ B + �µ C = �H (ABC), where�H (ABC)
is the compound formation energy. Projection of this
equation onto the{ �µ A, �µ B} plane leads to a chemical
potential triangle frame�µ A + �µ B > �H (ABC), with
�µ A,B <
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IV. RESULTS: DEFECT CALCULATIONS
ON ABC COMPOUNDS

A. Outline of the salient features of the method: Defect
formation energy, charge transition energy, equilibrium Fermi

energy, and carrier concentrations

The central quantities calculated here are (i) the defect
formation energies�H (D,q,µ � ,EF ) for various charge states
q, chemical potentialsµ � , and Fermi energy valueEF and (ii)
the defect charge transition levels� (D,q |q�) between charge
statesq andq�.

The formation energy�H (D,q,µ � ,EF ) for defect D in
charge statesq depend linearly on the atomic chemical
potential { µ � }
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FIG. 9. Isosurface plot of the majority carrier concentrations as a function of excess chemical potentials ofA andB elements within the
allowed stability triangle region for four half-Haussler compounds: ZrNiSn (a) and (b), ZrPtSn (c) and (d), ZrCoSb (e) and (f), and ZrIrSb (g)
and (h). The results are shown at two temperatures: at growth condition (Tg = 850� C) and at room temperature from quench after growth.
The letters R and P denote the chemical potential condition, where high and low majority carrier concentration occurs, respectively. R and P
represent, respectively,B-rich andB-poor condition forB = 3d compoundsÑZrNiSn and ZrCoSb;C-rich andC-poor conditions forB = 5d
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functional (mixing 25% of exact exchange) predicts a higher
ionization level for Ni interstitial, above the CBM [Fig.6(a)],
due to effect from enhanced Hartree-Fock exchange. However,
the 25% of exact exchange is only an approximation used
to eliminate self-interaction corrections. We feel that our
uncertainty for the Ni (0/ + 1) charge transition level can be
0.1 eV, considering the effect of exchange on band gap opening
and on eigenvalues of in-gap states. We, therefore, consider
two computational scenarios allowing for 0.1 eV uncertainties,
as shown by pointR andL in Fig. 6(a). The two scenarios
lead to completely different physical behavior in temperature
dependence of carrier density. In case (i), the Ni interstitial
completely ionizes and its (+ 1/ 0) transition level is above the
CBM [theR point in Fig.6(a)]. Thus, then-type carrier density
remains nearly constant with temperature (� 1 × 1020 cmŠ3,
the dashed red line in Fig.10). While in case (ii), the Ni
interstitial (+ 1/ 0) transition level lies slightly below the
CBM [e.g.,ECBMŠ0.07 eV, theL point in Fig.6(a)], the Ni
interstitial only partially ionizes due to thermal excitations
(� 10% of Ni interstitials ionize at room temperature from
simulation); therefore, the carrier density increases almost
linearly with temperature (the solid red line in Fig.10). When
the donor is resonant, we predict a high carrier density in
ZrNiSn (1019 cmŠ3 at room temperature). This result from case
(ii) is consistent with the observed linearT dependence of the
electrical conductivity in undoped ZrNiSn samples [43,66], so
it is the preferred scenario.

4. Magnetism of ionized interstitial Ni

Ni interstitials have the potential to create magnetic mo-
ments in both fully ionized and partially ionized cases. As a
magnetic impurity, the Ni interstitial possesses a localized
moment of � 0.8 µ B from the x2 Š y2 3d orbital. For
magnetism in the dilute doping limit, it was known that
doping concentration has to exceed the three-d(o2-)]TJ
-1.8 0 TD.36345.8(9y)-318.6(ionized)-te to rcol(e)15.6ios
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2. The Sn-doped ZrCoSb (p type)

HSE results show that Sn-on-Sb is the dominant defect,
having the lowest formation energy, but its acceptor transition
level (0/ 1Ð) is rather deep (Fig.8). Hence, the resulting hole
concentration is low at room temperature and relatively high
only at growth condition, 850� C. This case illustrates alatent
p-type compound, dominated by an uncompensated, deep, hole
producer with low formation energy (Sn-on-Sb antisite defect),
which can only generate small amount of hole carriers at room
temperature (see Appendix for details).

E. Effect of A atom selection inABC compounds with either
B = 3d or B = 5d elements (the IV-X-IV and IV-IX-V groups)

Although we expect an approximately similar carrier dop-
ing behavior in the group ofAIV NiSn , AIV PtSn,AIV CoSb,
andAIV IrSb compounds withAIV = Ti and with AIV = Zr
group, we are aware of the difference among the two groups.
The chemical stability Þeld of theAIV = Ti group, as shown
in the Þrst column of Fig.3, appears to be larger in area and
more extended to theA-rich condition than itsAIV = Zr and
Hf counter parts. Recently, Wambachet al. [36] measured
the thermopower factor in the Ti-Ni-Sn compositional space
using thin Þlm growth technique with combinatorial approach.
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FIG. 12. Fundamental band gaps (in electron volt from HSE calculation) of a group of 18 valence-electron half-Heusler compounds in
four prototype chemical groupsAIV BXCIV , AIV BIX CV, AIII BXCV, andAVBIX CIV . The ternary compounds with cubic structure (F ø43m) are
nonmetal (shaded in green), whereas those in noncubic structures are metal (shaded in blue). Those that are predicted unstable are denoted by
minus sign (Š).

50 cubic half-Heusler compounds reveals that the� and �
structures are energetically unfavorable, about 0.7 eV per
atom higher than the ground state (Fig.14), indicating their
non-existence.

2. Compound formation enthalpies and competing phases

The Þtted elementary reference energy method (FERE
[73]) in conjunction with DFT has been successfully applied
to compute compound formation enthalpies in cubic half-
Heusler compounds and in their computing phases (TablesII
and III ). The results show signiÞcant improvement over the
plain GGA calculations, and are subsequently used in carrier
doping studies to constrain the chemical potential stability Þeld
of the host compound.

3. Concept and computational formula for defects and doping

Defect formation energyis deÞned as the energy cost to
create a point charged defect in an inÞnite lattice space (i.e.,
at dilute limit) through exchanging an atom and electron with
the chemical reservoir and Fermi sea, respectively. To extract
the defect formation energy from a Þnite supercell calculation,
one uses the following formula

�H (D,q,µ � ,EF ) = { E(D,q ) Š EH } ±
�

�

�
µ 0

� + �µ �
�

+ q(EV + EF ) + 	H corr (A1)

where�H (D,q,µ � ,EF ) is the formation energy of defectD
in charge stateq under the condition of elemental chemical
potentialµ �
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TABLE III. Calculated formation enthalpies in units of electron volt per atom of Þve half-Heusler FTS (ZrNiSn, ZrCoSb, ZrPtSn, ZrIrSb,
and TaIrGe) and their major competing phases.a

(a) Five half-Heusler materials
Half-Heusler materials �H f (eV/ atom) DFT �H f (eV/ atom) DFT+ FERE �H f (eV/ atom) Expt.

ZrNiSn Š0.656 Š0.943
ZrCoSb Š0.615 Š0.773
ZrPtSn Š1.032 Š1.153
ZrIrSb Š0.962 Š1.082
TaIrGe Š0.668 Š0.750

(b) Competing phases for ZrNiSn
Compounds �H f (eV/ atom) DFT �H f (eV/ atom) DFT+ FERE �H f (eV/ atom) Expt.
Zr3Sn Š0.289 Š0.850
Zr5Sn3 Š0.552 Š1.026 Š0.738
Zr5Sn4 Š0.557 Š0.982
NiSn Š0.269 Š0.332
Ni3Sn Š0.193 Š0.271 Š0.253
Ni3Sn2 Š0.284 Š0.353 Š0.301
Ni3Sn4 Š0.246 Š0.306 Š0.308
NiZr* Š0.452 Š0.523
Ni2Zr� Š0.410
Ni3Zr� Š0.463
Ni5Zr� Š0.326
ZrNi2Sn Š0.517 Š0.755
ZrNi4Sn Š0.350 Š0.540
Zr2Ni2Sn Š0.564 Š0.902

(c) Competing phases for ZrCoSb
Compounds �H f (eV/ atom) DFT �H f (eV/ atom) DFT+ FERE �H f (eV/ atom) Expt.
ZrSb Š0.695 Š0.977
ZrSb2 Š0.534 Š0.665 Š0.902
Zr2Sb Š0.589 Š1.022 Š1.043
Zr3Sb Š0.489 Š0.998 Š0.83
Zr5Sb3 Š0.617 Š1.012 Š1.116
Zr5Sb4 Š0.624 Š0.957
CoSb* Š0.164 Š0.197
CoSb2� Š0.106 Š0.176
CoSb3� Š0.142 Š0.166
ZrCo* Š0.291 Š0.37
ZrCo2

� Š0.311 Š0.371
Zr2Co� Š0.254 Š0.274
Zr3Co� Š0.200

(d) Competing phases for ZrPtSn
Compounds �H f (eV/ atom) DFT �H f (eV/ atom) DFT+ FERE �H f (eV/ atom) Expt.
Zr5Sn3 Š0.552 Š1.026 Š0.738
Zr5Sn4 Š0.557 Š0.982
PtSn* Š0.646 Š0.609
PtSn2� Š0.481 Š0.542
PtSn4� Š0.295 Š0.282
Pt2Sn3

� Š0.553 Š0.564
Pt3Sn� Š0.469 Š0.52
ZrPt* Š1.084 Š1.078
ZrPt3� Š1.017
Zr5
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(Sn-on-Zr)2- acceptors pinsEeq
F closer to VBM (� EV +

0.6 eV), thus introducing holes into the host. In Fig.22, the hole
carrier density in Sn-doped ZrCoSb shows maximum at the
Co-poor and Sb-poor condition (the lower right corner in the
stability Þeld), because the Co-poor condition suppresses Co-
interstitial donors which kill holes, while Sb-poor condition is
beneÞcial to the creation of Sn-on-Sb substitution. An example
for the variation of charged impurity concentration as a
function of chemical potential condition is discussed in Fig.11,
which is analogous to the total impurity concentration diagram
in Fig. 4.

10. Doping trends in Þve ABC compounds

We summarize in Fig.23 our defect computational results
for the dominant donors and acceptors in ZrNiSn, ZrCoSb,
ZrPtSn, ZrIrSb, and TaIrGe. The characteristics of the dom-
inant donors (or acceptors) and their primary opponents are
described in terms of defect formation energy, transition levels,
and resulting equilibrium carriers, which serves as the key
doping information for the Þve compounds. The formation
energy and carrier density are described at the equilibrium
Fermi level condition.
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