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SUMMARY

Since their discovery around a century ago, multi-functional half-Heusler

semiconductors have been studied extensively as three-component systems

(nominal formula XYZ) with valence balanced compositions. From the very

same set of elements and stability rules, we explore a much larger phase space

of possible quaternary double (X0X00Y2Z2, X2Y
0Y00Z2, and X2Y2Z

0Z00), triple

(X2
0X00Y3Z3), and quadruple (X3

0X00Y4Z4) half-Heusler compounds. Using reliable,

first-principles thermodynamics on a selection (365) of previously unexplored

compositions, we predict more quaternary compounds (131) than those pre-

dicted or reported extensively for the ternary systems (84). In comparison to

state-of-the-art ternary half-Heusler thermoelectrics, for which performance

is limited by their intrinsically high thermal conductivity (k), k in double half-

Heuslers is dominated by smaller group velocity phonons and limited by

disorder scattering. The double half-Heusler Ti2FeNiSb2 was synthesized and

confirmed to have a significantly lower k than TiCoSb, thereby providing a

better starting point for thermoelectric efficiency optimization.

INTRODUCTION

Half-Heusler compounds have attracted significant research attention for their thermo-

electric properties1–3 in the past decade. Due to its diverse chemical space to tune prop-

erties, multiple instances of high-performance thermoelectrics (NbFeSb,4 TaFeSb,5 and

ZrCoBi6 forp-type and TiNiSn7,8 for n-type transport) are foundwithin this family of com-

pounds. The high performance in half-Heusler compounds is primarily associated with

their exceptional electrical transport properties.9 However, in comparison to some of

the best themoelectric materials based on IV-VI compounds,10,11 ternary half-Heusler

compounds are at a disadvantage due to their intrinsically large lattice thermal conduc-

tivity (kL). ZrCoBi, for example,6 has one of the lowest reported kL of 10W/(m.K) among

the high-performing half-Heusler compounds (T = 300 K), whereas the state-of-the-art

thermeoelectric material PbTe has intrinsic kL of 2 W/(m.K).12 Thus, it is desirable to

find a strategy for discovering new semiconductors with the electronic properties of

half-Heusler compounds but with inherently lower kL.

In addition to the well-known dependence of kL on chemical composition through

phonon scattering13,14 and lattice softening mechanisms,6,14 kL also depends on

the primitive unit cell size.15 For two materials with comparable bulk properties,

such as Debye temperature, average mass per unit cell, specific heat capacity,

and Grüneisen parameter, the magnitude of kL depends primarily on the number

of atoms in the primitive unit cell (N).15 Complex materials with larger N have

smaller kL due to a relatively small fraction of high group velocity (vg) acoustic

modes compared to lower vg optical modes. Well-known examples of low kL

materials with a large N are La2Mo2O9 (N = 624, kL = 0.7 W/(m.K)16 and Yb14AlSb11

(N = 104, kL = 0.6 W/(m.K).15,17 For ternary half-Heuslers, however,N = 3, indicating

the huge potential for low-thermal-conductivity materials discovery if the effective

N could be increased systematically.

Context & Scale

Ternary half-Heusler compounds

exhibit a fertile transition metal

chemistry with properties relevant

for themoelectrics, spintronics,

topological band structures, and

transparent conducting thin-film

applications. For thermoelectric

applications in particular, half-

Heusler compounds are regularly

reported with high thermoelectric

power factors. However,

thermoelectric efficiency in half-

Heuslers suffers from intrinsically

high thermal conductivities. Here,

we explore a vast class of relatively

unexplored double half-Heusler

compounds that are constrained

by crystal chemistry to exhibit

much lower lattice thermal

conductivities. Hence, we

demonstrate a dependable

strategy to assist the search for

low-thermal-conductivity half-

Heuslers and point toward a huge

composition space for

implementing it. Our findings can

be extended for systematic

discovery of other large families of

multi-functional intermetallic

semiconductors.
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A well-known example of a family of compounds with varying cell sizes is based

on the perovskite structure.18 The high symmetry structures of the ternary

perovskites (ABO3; for example, cubic BaTiO3) have N = 5, while quaternary

double perovskites (A2B
0B00O6; for example, cubic Sr2FeMoO6 [N = 10], monoclinic

La2CuSnO6
19 [N = 40]) have N R 10 when ordered. Double perovskites have a

number of advantages over simple perovskites in tuning their functionalities for

solar cell applications, magnetoresistive properties, etc.18,20–22 With the additional

possibilities of a new element, the number of double perovskites is also several times

larger than simple perovskite compounds.18,20

Like perovskites, half-Heuslers can be made from a variety of elements, with each

site occupied by elements in different regions of the periodic table (see Figure 1A).

The possible ternary half-Heusler compositions (nominally XYZ) based on these ele-

ments can be chosen by assigning a valence to each element in the compound and

imposing the valence balanced rule (a generalization of the well-known 18 electron

rule for half-Heuslers),25 according to which the net valence (NV) of the three

components adds up to 0 for most stable compounds; e.g., NV of TiCoSb = 4

(Ti+4 s0d0) � 1 (Co�1 d10) � 3 (Sb�3 s2p6) = 0. While quaternary compositions of

the half-Heusler phases are studied routinely, these are almost always based on iso-

valent substitution between ternary systems with no unique valence balanced

composition (for example, Ti0.5Zr0.5NiSn and Ti0.2Zr0.8NiSn) and hence do not favor

the formation of ordered compounds like the double perovskites.26 As a result,

these alloy compositions often form disordered solutions, which are stabilized by

temperature. Aliovalent substitution, however, can give rise to a unique valence

balanced composition (for example, Fe and Ni substitution on the atomic Y-site in

Ti2FeNiSb2; see Figure 1C), which is also characteristic of the compound forming

18-electron ternary half-Heuslers.25 Hence, just like ternary half-Heuslers,27 one

can expect ordered ground states at these unique compositions to form stable com-

pounds. Inspired by double perovskites, in which the ‘‘double’’ could refer to

doubling of the perovskite formula unit (A2B
0B00O6 versus ABO3), we define double

half-Heuslers (see Figure 1C) as stable quaternary compounds based on aliovalent

substitution (X2Y
0Y00Z2 versus XYZ, where Y0 and Y00 are not isovalent). To distinguish

these compounds from the other isovalently alloyed quaternary compositions (for

example, Ti0.5Zr0.5NiSn), we call these aliovalently substituted compounds (for

example, Ti2FeNiSb2) double half-Heuslers, regardless of whether they undergo

an order-disorder transition at a higher temperature. Although the disordered phase

may have a distinct and possibly stronger scattering mechanism for phonons, the

double half-Heusler composition ensures that for kL the effective N > 3.

The quaternary compositions of the double half-Heusler systems could present a

much larger phase space for materials discovery in comparison to the ternary com-

positions. As we demonstrate here, there are a very large number of predicted stable

double half-Heuslers awaiting experimental discovery. In addition to their applica-

tions as thermoelectrics, double half-Heuslers could also find use in transparent

conducting thin films (e.g., TaIrGe28), topological semi-metals (e.g., HfIrAs27), and

spintronics (e.g., V0.8+dCoSb
24,29), for which the ternary half-Heuslers are already

being studied.30

RESULTS AND DISCUSSION

Locating Double Half-Heuslers in a Pseudoternary Phase Space

Consider the example of the pseudoternary TiFexCoyNi1�x�ySb (see Figure 1C),

which allows for the aliovalent substitution of Fe, Co, and Ni atoms on the atomic
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Y-site (see Figure 1A). The end-members, namely TiFeSb, TiCoSb, and TiNiSb,

all have different net valence (NV = �1, 0, and 1). In such a compositional phase

space, the valence balanced end-members (like TiCoSb in Figure 1C) are

candidates to form half-Heusler phases and have been studied rigorously (see

Figure 2) either as experimental reports3,5,27,31 or as first-principles thermodynamic

predictions.3,5,27,31,32 Systems of the non-valence balanced end-members (TiFeSb

and TiNiSb in Figure 1C), on the other hand, were not expected to form in the

Heusler phase due to a perceived electronic configuration unfavorable for

strong bonding interactions.30 However, the two NV s 0 systems shown (Ti-Fe-Sb

and Ti-Ni-Sb) were recently reported to form half-Heusler phases at alternate defec-

tive stoichiometries (TiFe1.5Sb and Ti0.75+dNiSb, respectively) to attain a more stable

A

B C

Figure 1. Visual Illustration of the Concept of Double Half-Heuslers

(A) Color scheme in the periodic table representing elements occupying various sites (X, violet; Y,

red; Z, green) of the cubic half-Heusler structure (in B). Quaternary half-Heusler compositions

selected in the present work are based on elements given in bold font.

(B) The double half-Heusler structure (disordered) with the general formula X2Y
0Y00Z2 has equal

occupancy on the Y-site (in half orange/half magenta) such that the overall composition is valence

balanced (net valence NV = 0).

(C) Example pseudoternary TiFexCoyNi1�x�ySb based on aliovalent substitution on the atomic

Y-site. Double half-Heusler Ti2FeNiSb2 (magenta square) and the alloy compositions joining it to

TiCoSb (blue square) are valence balanced (NV = 0). Adjacent compositions based on Fe

(orange) and Ni (cyan) substitutions represent p and n-type compositions, respectively. Nominally

NV s 0 ternary compositions (striped squares) are examples of defective half-Heuslers, which are

unstable without defects (TiFe1.5Sb
23 and Ti0.75+dNiSb24). These NV s 0 compositions will be

referred to as the ternary components of the double half-Heusler composition.
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electronic configuration.23–25 Since these discoveries, nominally NVs 0 compounds

have attracted some attention as ternary defective half-Heuslers (see Figures 1C

and 2; K. Xia, P. Nan, Y. Wang, B. Ge, S.A., X. Zhao, G.J.S., and T. Zhu, unpublished

data).24,25,33,34 Possibly due to only one ‘‘likely’’ (NV = 0) half-Heusler candidate

among the three end-members of suchpseudoternaries, a large compositional space

in the middle has seldom been investigated previously. However, the ‘‘double’’ half-

Heusler composition, such as Ti2FeNiSb2 (4 [Ti+4 s0d0] � 1 [0.5 Fe�2 d10] � 0 [0.5 Ni0

d10]� 3 [Sb�3 s2p6] = 0), and the alloy compositions connecting it to TiCoSb are also

valence balanced with semiconducting p- and n-type transport achievable at adja-

cent compositions (see Figures 1C and S1). In the present work, we will refer to the

nominally NVs 0 systems such as TiNiSb and TiFeSb as the two ternary components

of the quaternary double half-Heusler compound, Ti2FeNiSb2.

Enormous Compositional Phase Space of Quaternary Double, Triple, and

Quadruple Half-Heuslers

Similar to Ti2FeNiSb2, possible double half-Heusler compositions based on equal

occupancies on the X- (e.g., ScVCo2Sb2) and Z-site (e.g., Ti2Ni2InSb) are also

possible. Furthermore, there are additional ‘‘triple’’ (e.g., Nb2MgCo3Sb3) and

‘‘quadruple’’ (e.g., Nb3LiCo4Sb4) half-Heusler compositions as well, which obey

the valence balanced rule (NV = 0). Applying the valence balanced rule to elemental

combinations from Figure 1A (see Experimental Procedures), we find a huge phase

space of 7,719 possible quaternary half-Heusler compositions (see Figure 2). This

number is over 10 times larger than that of the defect-free ternary systems (715

possible compositions) based on the same set of elements. We estimate that the

fraction of explored compositions (see Experimental Procedures) for defect-free

ternary systems is �64% (see Figure 2). In stark contrast, only 0.07% of the possible

quaternary half-Heusler compositions have been explored, with 4 reports

(Ti2FeNiSb2,
35 ScNbNi2Sn2, Zr2Ni2InSb, and Hf2Ni2InSb

36) of the half-Heusler phase

in past experiments. There are no past reports—measurements or calculations—of

thermal conductivity on such quaternary compositions in the literature.

Figure 2. Number of Possible Ternary and Quaternary Half-Heusler Compositions

Bar chart depicting the current status of exploration in possible ternary half-Heusler systems as

opposed to quaternary systems. The numbers of possible defect-free and quaternary compositions

were obtained by imposing the valence balanced rule on the elemental combinations provided in

Figure 1A. The remaining ternary combinations were classified as possible ternary defective

compositions. The dark blue color gives a conservative estimate of the fraction of explored

compositions. The quaternary phase space is almost completely unexplored.
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Stability Prediction for Selected Double, Triple, and Quadruple Half-Heuslers

We select 369 quaternary half-Heusler (315 double half-Heusler, 36 triple half-

Heusler, and 18 quadruple half-Heusler) compositions to perform high-throughput

calculations for examining the thermodynamic stability using convex-hull analysis

(see Figure 3) within the Open Quantum Materials Database (OQMD).37,38 In the

present work, we avoid Ge-, As-, Pb-, and Si-based compounds, which have

Figure 3. Predicted Quaternary Half-Heuslers and Stability

351 quaternary half-Heusler compositions (divided between 5 sub-types) investigated in the present work for stability in the half-Heusler structure. Half-

Heuslers predicted stable are represented by a plus (+) symbol. For compounds where the half-Heusler phase is predicted unstable, the space is left

blank. The grayscale bar on the side gives the magnitude of predicted stability (ECH, see Table S1) of the quaternary half-Heuslers. Predicted

compounds for which only one of the ternary NV s 0 components has a half-Heusler phase reported experimentally are denoted by thin circles (see

Table S2). Predicted compounds for which both the ternary NV s 0 components have a half-Heusler phase reported experimentally are denoted by

thick circles. Previously reported quaternary half-Heuslers are denoted by boxes.
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relatively fewer reports of ternary half-Heuslers.27,31 The chosen compositions (given

in Figure 3) are based on a subset of elements (given in bold font in Figure 1A) well

known to commonly form ternary half-Heusler compounds.

The 315 double half-Heusler compositions studied here are divided into three

classes (126 X0X00Y2Z2, 81 X2Y
0Y00Z2, and 108 X2Y2Z

0Z00 compositions) based on the

site of substitution in the XYZ structure (see Figure 1A). Our calculations are in agree-

ment with past experimental reports of the half-Heusler phase in Ti2FeNiSb2,
35

ScNbNi2Sn2, Zr2Ni2InSb, and Hf2Ni2InSb.
36 We predict 48 X0X00Y2Z2, 36 X2Y

0Y00Z2,

and 27 X2Y2Z
0Z00 new double half-Heusler compounds (see plus symbols in Figure 3),

suggesting that substitution on either of the three atomic sites is quite favorable.

Out of the 54 possible triple half-Heusler (X2
0X00Y3Z3) and quadruple half-Heusler

(X3
0X00Y4Z4) compositions combined, we predict 13 and 7 new compounds, respec-

tively, of each sub-type (see Figure 3). Similar to ternary half-Heusler compounds,

Sb-based compositions have the largest fraction of predicted stable compounds,

followed by Sn- and then Bi-based compounds. This trend in stability of the semicon-

ducting half-Heusler phases can be associated with the requirement of large size31

and large electronegativity for the Z-site atom. Although we do not calculate As-

and Ge-based double half-Heuslers here, based on stability calculations and reports

(see Table S4) of ternary half-Heuslers, we expect them to be relatively rarer.

Guidelines for Laboratory Discovery

Going through the list of 131 predicted new compounds using experimental synthe-

sis can be quite daunting. To guide experimental efforts in initial choice of more

likely compositions for laboratory discovery, we arrange (see color bar in Figure 3)

the compounds according to their predicted stability determined by distance to

the convex hull (ECH). Compounds represented with darker plus symbols in Figure 3

are predicted to be more stable relative to decomposition into competing phases.

The ECH, formation energy (Eform), and band gap of the compounds predicted to

be stable are given in Table S1 in descending order of predicted stability (ECH).

We also use past experimental reports of the half-Heusler phase in ternary systems to

categorize the predicted quaternary half-Heuslers by their likelihood to form com-

pounds. The predicted quaternary half-Heuslers are based on aliovalent substitution

in two nominally NVs 0 ternary XYZ structures (for example, TiFeSb and TiNiSb for

Ti2FeNiSb2; see Figure 1C). As a result, the stability of quaternary half-Heuslers

must be correlated to the stability of their ternary NV s 0 components, which are

investigated to a relatively larger extent (see ternary defective bar in Figure 2). Based

on this rationale, the likelihood of predicted quaternary half-Heusler phase

stabilizing increases depending on whether one (see thin circles in Figure 3; for

example, Ti2Ni2InSb) or both (see thick circles in Figure 3; for example, MgTiNi2Sb2)

of its ternary NVs 0 components have a half-Heusler phase previously reported for

them.We caution that this classification based on past experimental reports may not

be complete simply because a large fraction of ternary nominally NVs 0 systems are

still unexplored (see Figure 2 and Table S2).

Valence Balanced Rule as a Dependable Strategy for Discovery of Low kL

Quaternary Half-Heuslers

We compare measured kL of double half-Heusler Ti2FeNiSb2 to that of its corre-

sponding ternary system TiCoSb with the same average atomic mass. At room tem-

perature, kL of Ti2FeNiSb2 is smaller than TiCoSb by a factor of 3 (see Figure 4A). To

examine the origin of the smaller kL in Ti2FeNiSb2, we calculate the kL of its ordered

ground state from first principles considering only three-phonon processes (see
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Figure 4A). The calculated kL is very similar to the measured values, especially at

higher temperatures.

Calculated cumulative kL in TiCoSb and Ti2FeNiSb2 as a function of frequency (see Fig-

ure 4B) suggests that over 90% of the thermal transport in both compounds occurs in

A B

C D

E

Figure 4. Lattice Thermal Conductivity Comparison of Double Half-Heusler and Corresponding

Ternary Half-Heusler

(A) Calculated (line) and measured (scatter points) lattice thermal conductivity (kL) of TiCoSb (cyan)

and Ti2FeNiSb2 (magenta) as a function of temperature. Experimental values of TiCoSb are taken

from Sekimoto et al.39

(B–D) Calculated phonon frequency dependence of (B) cumulative kL, (C) group velocities (vg), and

(D) phonon-phonon scattering rates in the two compounds at T = 300 K.

(E) Calculated kL versus Grüneisen parameter (g) for selected half-Heusler (triangle) and double

half-Heusler (square) compounds based on commonly used elements (see Table S3). The regions

are shaded based on a g
�2 dependence of kL.
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phononmodes corresponding to the acousticmodes of the ternary structure. The differ-

ence in the kL between the two compounds occurs primarily in the high energy range

(7–20 meV, see shaded gray region in Figure 4B) corresponding to the acoustic modes

of TiCoSb. Both compounds largely show a similar dependence of group velocity (vg) as

well as scattering ratesonphonon frequencies (seeFigure4).However, the vgofphonons

in Ti2FeNiSb2 is in general much lower than that of the corresponding longitudinal and

transverse acousticmodes of TiCoSb (see Figure 4C). As can been understood from sim-

ple ball-springmodels for cell doubling,15 the difference in vg becomesmore prominent

in the higher frequency range (10–20 meV) of the acoustic modes in TiCoSb (see Fig-

ure 4C). The phonon scattering rates of the double half-Heusler Ti2FeNiSb2 structure

are also slightly larger in the 7–12 meV frequency range (see Figure 4D). The trend of

lower kL for double half-Heuslers compared to ternary half-Heuslers is reproduced in a

survey of 35 compounds (see Figure 4E and Table S3) calculated in a similar way. This

confirms our expectation that double half-Heusler with the more complex crystal chem-

istry would in general have lower lattice thermal conductivities than traditional ternary

half-Heusler.

The weaker temperature dependence in the measured kL of Ti2FeNiSb2 in compar-

ison to the calculated values (see Figure 4A) can possibly be attributed to the pres-

ence of alloy scattering mechanism associated with disorder in the Fe/Ni sub-lattice.

The disorder in the system was confirmed by the powder XRD pattern of Ti2FeNiSb2

(see Figure S2) as no superlattice peaks associated with Fe/Ni ordering were

observed. The alloy scattering mechanism is not captured in our kL calculations,

which were performed on the ordered Ti2FeNiSb2 structure assuming only Umklapp

scattering, which has a relatively stronger (T�1) temperature dependence when

compared to the alloy scattering mechanism.

To understand the observed global cubic symmetry of the half-Heusler phase, we esti-

mate the energy difference between the ordered and disordered phase by calculating

the energy of the special quasi-random structure of Ti2FeNiSb2. The disordered phase

of Ti2FeNiSb2 is only 23.6 meV/mixing atom higher in energy than the ordered phase.

This difference in energy can be overcome by thermal energy alone at 275 K, thereby

explaining the observed disordered Ti2FeNiSb2 phase. Recent reports of short-range

ordering observed in electron diffraction pattern of ternary defective half-Heuslers sug-

gests that short-range ordering (K. Xia, P.Nan, Y.Wang, B.Ge, S.A., X. Zhao,G.J.S., and

T. Zhu, unpublished data) could also exist in double half-Heusler compounds, and its

impact on thermal conductivity should also be considered. It is important to note

that double half-Heuslers could be alloyed with the defective half-Heusler phases

(Ti0.75+dNiSb24,25 and TiFe1.5Sb
23) of its ternary components to introduce vacancies

and interstitial defects, which can be expected to decrease the thermal conductivity

further. While the alloy scattering mechanisms of phonons are good for thermoelectric

applications by reducing thermal conductivity, the same scatteringmechanisms are also

likely to reduce charge carrier mobility and electrical conductivity, possibly depending

on site of substitution.40 The net benefit in thermoelectric performance would be

characterized by the ratio of kL to charge carrier mobility.41

Potential for Exploration of Low-Cost Thermoelectrics in Quaternary Half-

Heusler Phase Space

While other quaternary compounds canbe investigated for thermodynamic stability, the

current prediction of 131 new compounds is already greater than the 843,5,27,31,42 (see

Table S4) extensively predicted or reported transition-metal-based ternary defect-free

half-Heusler phases. This result suggests that, despitea hundredyears ofHeusler history,

only a small fraction of half-Heuslers have been investigated previously. Among the new
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compounds predicted here, 32 are based on relatively abundant or inexpensive ele-

ments (namely Li, Mg, Y, Ti, Zr, Hf, V, Nb, Ta, Fe, Ni, Co, Al, Ga, In, Sn, Sb, and Bi; see

TableS1) commonlyused for synthesis ofhalf-Heusler compoundsandserveasan imme-

diate prediction for experimental synthesis. Given the intrinsically smaller kL of quater-

nary half-Heusler compounds (see Figure 4E) due to their complex crystal chemistry,

they present a new avenue for thermoelectric materials discovery. The present work

only deals with quaternary equivalents of transition-metal-based half-Heusler com-

pounds with 18-valence electrons. The concepts discussed here are easily applicable

to other multi-component Heusler-based structures,43 such as 8-electron Nowotny-

Juza phases (e.g., LiAlSi),44,45 f-block element-based half-Heuslers (e.g., DyNiBi),46 24-

electron full-Heuslers (e.g.,VFe2Al),
30,47,48andLi-based18-electronHeuslers,49opening

up the possibility for an even larger phase space of materials with versatile properties.

Conclusion

We demonstrate that the number of known half-Heusler-based semiconductors,

despite their hundred years of history, may only be a fraction of the actual number

of stable compounds. The previously unexplored semiconductor compositions

can be conceived by choosing aliovalently substituted combinations, which are

valence balanced and predicted systematically using first-principles thermody-

namics of stability. From this strategy, we discover quaternary (double, triple, and

quadruple) half-Heusler compounds with thermal conductivities intrinsically lower

than traditional ternary half-Heuslers, owing to their complex crystal chemistry. As

a result, we significantly advance the decade-long search for low-thermal-conductiv-

ity half-Heuslers without tampering with the underlying transition metal chemistry,

which forms the basis of their exciting properties suitable for thermoelectrics, spin-

tronics, topological band structures, and transparent conducting thin films.

EXPERIMENTAL PROCEDURES

Thermodynamic Stability Calculations

The density functional theory (DFT) calculations50 in this study were performed using

Vienna ab initio simulation package (VASP)51 to determine the lowest-energy ground

state among the structural derivatives enumerated by the enumlib code.52,53 We used

Perdew–Burke–Ernzerhof (PBE) formulation of the exchange-correlation energy func-

tional derived under a gradient-generalized approximation (GGA).54 Plane-wave basis

sets are truncated at an energy cutoff of 350 eV, and a G-centered k-point mesh with a

density of �8,000 k-points per reciprocal atom (KPPRA) was used. All structures were

relaxed with respect to cell vectors and their internal degrees of freedom until forces

on all atoms were less than 0.1 eV nm�1 before calculating their formation enthalpies

(Eform). The Open Quantum Materials Database (OQMD)37,38 was used to perform

convex-hull analysis for examining thermodynamic stability against all other known

phases in the respective composition space. The prototype of ordered structures

used in the thermodynamic stability calculations are Ti2FeNiSb2 (N = 12, space group

I-42d), VScCo2Sb2 (N = 12, space group Pmn21), Ti2Ni2InSb (N = 12, space group

I-42d), MgTiNi2Sb2 (N = 12, space group I-42d), MgNb2Co3Sb3 (N = 18, space

group Cc), and LiNb3Co4Sb4 (N = 12, space group I-42 m). Compounds based on

small-sizedelements (GaandAl) are known to stabilize in theorthorhombic (spacegroup

Pnma) structure.27,31 For such compounds, we tested stability of the half-Heusler struc-

ture against that of the orthorhombic structural derivatives.

Estimating Explored and Unexplored Composition Space of Possible Half-

Heuslers

To estimate the number of possible ternary (defect-free) and quaternary half-Heusler

compositions (see Figure 2), we applied the valence balanced rule (NV = 0) on
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various combinations based on the elements in Figure 1A. We used a valence of +1

for Li, +2 for group-II elements, +3 for group-III elements and rare-earth

Lanthanides, +4 for group-IV elements, Cr, and Actinides, �2 for group-VIII ele-

ments, �1 for group-IX elements, 0 for group-X elements, +1 for group-XI

elements, +2 for group-XII elements, �5 for Al, Ga, and In, �4 for Si, Ge, Sn, and

Pb, and �3 for As, Sb, and Bi. The number of ternary defective compositions were

counted by the nominally NVs 0 combinations based on the elements in Figure 1A.

To estimate the number of compositions explored previously, we counted all

the cases contained in the inorganic crystal structure database (ICSD)42 and those

examined through rigorous high-throughput computations.3,5,27,31 As these are

‘‘possible’’ half-Heusler compositions, we counted all compositions at which there

is a predicted or reported compound, irrespective of whether it forms in the half-

Heusler phase. Cases in which these compositions phase separate are documented

systematically in a few computational reports and are also counted in our estimate of

explored compositions.3,5,27,31,32 Experimental cases of such negative results are

typically not reported in the literature and are not contained in any databases

such as the ICSD. Hence, our count of explored ternary and quaternary compositions

can be considered as a conservative estimate of the explored phase space.

kL Calculations

kL calculations were performed within the framework of anharmonic lattice dynamics

and the Boltzmann transport equation, assuming that three-phonon interactions and

isotope scattering dominate the total phonon scattering rates. To overcome the

formidable computational cost in evaluating third-order interatomic force constants

(IFCs), we employed the recently developed compressive sensing lattice dynamics

(CSLD) method55,56 to efficiently extract both harmonic and anharmonic IFCs, the

accuracy of which is further verified by comparing to the third-order IFCs obtained

by finite displacement method.57,58 Afterward, ShengBTE package58 was employed

to numerically solve the Boltzmann transport equation (BTE) under relaxation time

approximation (RTA). The convergence of the calculated kL was carefully examined

with respect to the cutoff diameter of the third-order anharmonic IFCs and the grid of

sampled phonon wavevector. We found that cutoff diameters of 5 and 4.5 Å were

sufficient to yield kLwith good convergence in half-Heusler and double half-Heusler,

respectively.

Synthesis

The sampleofTi2FeNiSb2waspreparedusinganarcmelter using stoichiometric ratiosof

bulk Ti slugs (99.99% Sigma-Aldrich), Fe lumps (99.99% Alpha Aesar), Ni slugs (99.99%

Alpha Aesar), and Sb shot (99.999% Alpha Aesar). Starting elements were cut into small

pieces and loaded into an EdmundBüehlerMAM-1ArcMelter, where theyweremelted

together 5 times, flipping in betweeneachmelt. The arc-melted buttonwas then pulver-

ized in a stainless steel vial for 1 h using a SPEX Sample Prep 800 Series Mixer/Mill. This

powder was consolidated using an induction-heated rapid hot press under a flowing

argon atmospherewithin a 1/2-in-diameter high-density graphite die (POCO). This sam-

plewas then pressed at 1,100�C for 1 h at a pressure of 45MPa.Once pressed, this sam-

ple was polished to remove excess graphite from its surface, sealed in an evacuated

fused silica ampule, and annealed at 900�C for 1 week.

Characterization

Transmission XRD was performed on powder pulverized from the pellet using a STOE

STADI-MP X-ray diffractometer using Cu K-a radiation. Electronic transport measure-

ments were measured under dynamic high vacuum up to 875 K with a ramp speed of

75 K/h. Resistivity and Hall coefficient were measured concurrently using the van der
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Pauw technique with pressure-assisted molybdenum contacts equipped a 2 T magnet.

Thermal diffusivity measurements were takenwith aNetzch LFA 457 under purged flow-

ing argon up to 875 K with a ramp speed of 75 K/h. Thermal conductivity was calculated

estimating heat capacity with the Dulong-Petit law. Seebeck coefficient was measured

under dynamic high vacuum up to 875 K with a homebuilt system using Chromel-Nb

thermocouples. kL was calculated by subtracting the electronic contribution from the

calculated total thermal conductivity. The electronic portion of thermal conductivity

was found using the Wiedemann-Franz law, in which a variable Lorenz number was

used based on the sample’s Seebeck coefficient.
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