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Abstract: Low thermal conductivity is an important materials property for thermoelectricity. The
lattice thermal conductivity (LTC) can be reduced by introducing sublattice disorder through partial
isovalent substitution. Yet, large-scale screening of materials has seldom taken this opportunity into
account. The present study aims to investigate the effect of partial sublattice substitution on the LTC.
The study relies on the temperature-dependent effective potential method based on forces obtained
from density functional theory. Solid solutions are simulated within a virtual crystal approximation,
and the effect of grain-boundary scattering is also included. This is done to systematically probe
the effect of sublattice substitution on the LTC of 122 half-Heusler compounds. It is found that
substitution on the three different crystallographic sites leads to a reduction of the LTC that varies
significantly both between the sites and between the different compounds. Nevertheless, some
common criteria are identified as most efficient for reduction of the LTC: The mass contrast should
be large within the parent compound, and substitution should be performed on the heaviest atoms.
It is also found that the combined effect of sublattice substitution and grain-boundary scattering can
lead to a drastic reduction of the LTC. The lowest LTC of the current set of half-Heusler compounds
is around 2 W/Km at 300 K for two of the parent compounds. Four additional compounds can reach
similarly low LTC with the combined effect of sublattice disorder and grain boundaries. Two of
these four compounds have an intrinsic LTC above ∼15 W/Km, underlining that materials with high
intrinsic LTC could still be viable for thermoelectric applications.

Keywords: half-Heusler; lattice thermal conductivity; alloying; optimal substitution site; density
functional theory; temperature-dependent effective potential

1. Introduction

The ability to convert excess heat into electricity and vice versa makes thermoelectricity
interesting for a range of niche applications requiring local cooling or electricity generation.
More effective thermoelectric materials could increase the applicability of thermoelectricity
and thereby contribute to reducing energy consumption and carbon emissions [1,2]. The
figure-of-merit of a thermoelectric material is at an operational temperature T given by

ZT =
σS2T

κe + κ`
, (1)

where S is the Seebeck coefficient, σ is the electrical conductivity, and κe and κ` are the
electronic and lattice thermal conductivity (LTC), respectively. The electronic contributions
to ZT exhibit conflicting dependency of the charge carrier concentration, requiring opti-
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mization of the doping level [3–6], though there has been significant progress in recent
years [7–10].

Alloying, i.e., formation of solid solutions, is a widely used approach to modify materi-
als, including their thermoelectric, optoelectronic [11,12], and electrolytic properties [13,14].
It can also be used to modify band gaps, defect formation densities, and structural phase
transitions [15–19]. Introducing additional elements can, however, complicate materials
synthesis e.g., by undesirable formation of secondary phases [20–26]. Still, much progress
has been made in ensuring single-phase alloys for certain material classes [27] including
half-Heuslers [28–30].

Half-Heusler (HH) compounds are ternary compounds with an XYZ composition,
where the XZ sublattice forms a rocksalt structure and the YZ sublattice represents a
zinc-blende structure [31]. The thermoelectric properties of HHs have been intensively
studied [32–44]. While their electronic properties tend to be beneficial, they typically suffer
from high LTC [45].

For optimizing thermoelectric properties, many studies have focused on identifying
alloys with band structures that can provide a high power factor P = σS2 without increas-
ing κe too much [46–48]. For such materials, the problem is reduced to that of lowering
κ` while maintaining beneficial electronic properties [6]. An efficient strategy to reduce
the LTC is to introduce sublattice disorder, for instance through partial isovalent atomic
substitutions on one or more of the sublattices of the compound [49–54]. Such substitutions
can be effective as they often have a limited effect on the electronic mobility [55–58] and
hence the attainable P .

Several studies have explored partial substitution on the X-site of HHs, e.g., replacing
a fraction of Zr in ZrNiSn by Ti or Hf [59–62], or replacing a fraction of Nb in NbCoSn by
Sc or Ti [63,64]. Z-site substitution has also been investigated in ZrCoSb, replacing Sb by
Sn [65,66]. It would be useful to establish a systematic overview of the effectiveness of
substitutions at different sites at reducing the LTC. An indicator of this can be provided by
the magnitude of the mass-variance parameter [67], given as

gi = ∑
j

cj
i

(
mj

i − m̄i

m̄i

)2

. (2)

Here, cj
i is the concentration of atom j substituting atom i, mj

i is the mass of the

substituent atom, and m̄i = ∑j cj
im

j
i is the average atomic mass. However, the nature of

the phonon modes also plays a significant role, as exemplified for TixZryHf1−x−yNiSn in
Ref. [61]. In this paper, we use first-principles calculations to assess the change in LTC
when introducing sublattice disorder on each of the three crystallographic sites of 122 HHs.

2. Methods
2.1. Thermal Transport and Phonon Scattering Mechanisms

The LTC is calculated with the temperature-dependent effective potential (TDEP) ap-
proach [68,69], in which the finite-temperature second- and third-order force constants are
extracted based on atomic displacements and forces. Within phonon Boltzmann transport
theory employing the relaxation-time approximation, the LTC is given by

κ` =
1
V ∑

λ

cλv2
λτtot

λ , (3)

where λ = (qs) indicates the wave vector q and the phonon mode s. Further, cλ is the
phonon heat capacity, vλ the phonon group velocity, and τtot

λ the total phonon relaxation time.
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The scattering rate from three-phonon scattering is given by

1
τλ

=
h̄π

8 ∑
λ′λ′′
|Φλλ′λ′′ |2[(nλ′ + nλ′′ + 1)δ(ωλ −ωλ′ −ωλ′′)

+2(nλ′ − nλ′′)δ(ωλ −ωλ′ + ωλ′′)]. (4)

Here, n is the equilibrium phonon distribution function, and Φλλ′λ′′ are the three-
phonon matrix elements,

Φλλ′λ′′ = ∑
ijk

∑
αβγ

ελ
αiε

λ′
βjε

λ′′
γk√mimjmj

√
ωλωλ′ωλ′′

×Φαβγ
ijk ei(qri+q′rj+q′′rk). (5)

Here, ijk are indices of atoms, αβγ are Cartesian coordinates, mi is the mass of atom i,
ελ

αi is component α of the eigenvector for mode λ and atom i, ri is the lattice vector of atom

i, and Φαβγ
ijk are the third-order force constants. The mass-disorder (md) scattering rate is

given by [67]
1

τmd
λ

=
π

2 ∑
λ′

ωλωλ′ ∑
i

gi|εi†
λ · εi

λ′ |
2δ(ωλ −ωλ′), (6)

where εi
λ′ is the polarization vector and gi is the mass-variance parameter. For the unmixed

compounds, τmd
λ only contains the effect of natural isotopes, while for mixed compounds

it also includes the distribution of isovalent mixing. These effects are both captured in gi,
but it should be noted that the natural isotope contribution is considerably smaller than
the contribution of the mixing distribution [61,67].

We also investigate the effect of grain-boundary (gb) scattering. The scattering rate of
grain boundaries is given by [70]

1

τ
gb
λ

=
vλ

d
, (7)

where vλ is the phonon velocity and d is the characteristic domain (grain) size. We denote
the intrinsic LTC arising from the combined effect of three-phonon scattering and isotope
scattering as κint

` , with the additional effect of md-scattering as κmd
` , and with gb-scattering

added on top of that as κ
md,gb
` .

2.2. Alloying Scheme

The 122 HHs in this study are based on the 74 stable compounds found by Feng et al. [71],
as well as the additional 48 ones studied in Ref. [72]. Sublattice disorder is introduced by
partially substituting with the element of the same group in the next period except for
period 6 elements, which are substituted with period 5 elements. One exception, Te, is
substituted with Se to omit the radioactive Po. For sublattice solid solutions, consisting solely
of compounds predicted to be stable by Feng et al. [71] which are listed in the supplementary
material (SM), we linearly interpolate the lattice parameter and the force constants of the
parent compound with those of the fully substituted compound. Throughout the study, we
use a 10% mixing concentration. For instance, for Zr0.9Hf0.1NiSn, the X-site effective mass
is equal to 90% Zr plus 10% Hf isotopic mass. Likewise, the lattice parameter and the force
constants consist of 90% of those calculated for ZrNiSn and 10% of those for HfNiSn. For
the remaining compounds, we use force constants and lattice parameter from the parent
compounds to limit computational costs.

2.3. Computational Details

Density functional theory (DFT) calculations are done using the VASP [73–75] software
package using the generalized gradient approximation (GGA) functional PBEsol [76,77].
The plane-wave cutoff is set to 600 eV. The electronic self-consistency cutoff is set at 10−6 eV.
Atoms are relaxed until all forces fall below 1 meV/Å. Second- and third-order force
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constants are extracted from fifty supercell configurations with 3× 3× 3 repetitions of
the primitive unit cell. For each configuration, atoms are displaced from equilibrium
according to a canonical ensemble set to T = 300 K. Realistic atomic displacements are
calculated by assuming that the zero-point energy of the phonons corresponds to the Debye
temperature [78]. The Debye temperature is obtained from the elastic tensor [79], which is
calculated with DFT using the frozen phonon approach. In the supercell calculations, we
use a 3× 3× 3 k-point sampling of the Brillouin zone. The elastic tensor calculations are
done with the primitive unit cell and an 11× 11× 11 k-point sampling.

When extracting the force constants, the cutoff radii of the third-order and second-
order interactions are ∼2% and ∼12% larger than half the width of the supercell, respec-
tively. These choices ensure that the force-constant matrices have equal sizes, allowing
straightforward interpolation. The phonon-mode Brillouin zone integration in Equation (3)
is sampled on a 35× 35× 35 q-point mesh.

3. Results and Analysis
3.1. Lattice thermal conductivity with Mass-Disorder and Grain-Boundary Scattering

Figure 1a–c shows the LTC with intrinsic scattering, κint
` , and with the additional

md-scattering included, κmd
` , for the 122 HH compounds. Figure 1d plots κint

` versus κmd
` ,

where the color of the triangles indicates substitution site, displaying the reduction in
LTC for each of the substitutions. On average, X-site substitution reduces the LTC by
43%, somewhat less than the ∼49% reduction at Y- and Z-sites. There is a substantial
variation in κmd

` when substituting the different sites, as shown by the large vertical spread
of the triangles and the distributed bins of the histogram. To exemplify, partial X-site
substitution of VIrGe (Figure 1c) reduces the LTC by 14%, while the reduction with Z-site
substitution in LiBSi (Figure 1a) is 80%. The site-dependence can also differ greatly from
one compound to the next. In the case of ZrRhSb and ZrPdPb (Figure 1c), the reduction is
quite similar for the three different substitution sites, while for VFeSb (Figure 1c), X- and
Z-site partial substitution leads to a reduction of 21% and 70%, respectively. In total, we
find 91 compounds with more than a 25% difference between the largest and smallest κmd

`
obtained for the different substitution sites.

Based on this data, it is interesting to formulate some basic guidelines on which
substitution site to select to most efficiently reduce the LTC. One simple rule, which we
previously noted as a trend in Ref. [80], is to substitute on the site hosting the heaviest
atom. This rule gives the correct result for 102 out of the 122 compounds. Among the 20
compounds not following this rule, there are only 4 cases in which the κmd

` obtained with
heaviest-site substitution and optimal-site substitution differ by more than 15%. These 4
counterexamples can be explained by the fact that the mass-variance parameter gi of the
optimal-site substitutions for these compounds is more than 50% larger than that of the
heaviest-site substitution.

Another possible rule for attaining the largest LTC reduction could be to use the
substitution with the highest gi. In general, however, this turns out to be less efficient than
substituting on sites with heavy atoms; often a high gi coincides with lighter atoms, which
are associated with high-frequency phonon contributions to heat transport [61]. This is
exemplified by NbCoPb, which is optimally substituted on the Z-site. Given the relatively
similar mass of Pb and Sn, Z-site substitution results in merely gZ = 0.02; the lighter Co
partially substituted by Rh yields, on the other hand, gY = 0.04, while Nb substituted by
Ta corresponds to gX = 0.07.

Figure 1e shows the effect of introducing gb-scattering on the LTC, including optimal-
site substitutions. The relative drop in LTC is larger for compounds with high κint

` . For the
20 compounds with lowest κint

` , the reduction in LTC using 100 nm grains and substitution
on the optimal site is on average 69%, while for the 20 compounds with the highest κint

` ,
the average reduction is 85%. When optimal-site substitution has been included, reducing
the grain size from 100 nm to 50 nm only gives a modest reduction in LTC; the average
drop compared to the intrinsic LTC changes from 79% to 83%.
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Figure 1. The (a–c) panels compare the LTC involving only intrinsic scattering κint
` (grey bars) with

that obtained from the addition of md-scattering on sites X, Y, and Z (blue, orange, green), i.e.,

κ
md(X)
` at 300 K. Dots mark the optimal substitution site. Panel (d) plots κint

` against κmd
` . The blue,

orange, and green triangles indicate substitution on the X-, Y-, and Z-sites, respectively, with the one
most effectively reducing the LTC highlighted. The inset histogram shows the distribution of the

most effective substitution divided by the least effective one, min(κmd(X,Y,Z)
` )/max(κmd(X,Y,Z)

` ). In
panel (e), only results for the most effective substitution site are shown; in addition filled (empty)
discs indicate κ

md,gb
` with gb size of 100 nm (50 nm).
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Grain boundaries most efficiently scatter less energetic acoustic phonons [62,81], while
mass disorder scatters more energetic phonons [61,82,83]. It is therefore interesting to
assess the reduction achieved with gb-scattering without the inclusion of md-scattering.
We find that introducing gb-scattering with grain sizes of 100 and 50 nm reduces LTC on
average by 42% and 54%, respectively, see details in the SM. This reduction is hence more
modest than that of 10% substitution on the optimal site.

3.2. Compounds with Low Lattice Thermal Conductivity

Certain compounds reach very low LTC with the introduction of md- and gb-scattering.
Some of these are simply compounds that already have a low intrinsic LTC, such as
LaPtSb, LaRhTe, BaBiK, and CdPNa. For these compounds, it is interesting to gauge
whether additional scattering mechanisms provide a substantial reduction in the LTC.
Others are compounds which exhibits a significant drop in LTC with the inclusion of
additional scattering mechanisms. It is useful to identify the key characteristics of these
compounds, for the sake of developing effective thermoelectric optimisation and material
identification strategies.

In Figure 2, we compare the intrinsic LTC, κint
` , with the LTC where md-scattering has

been included, κmd
` , for the compounds with lowest κmd

` at temperatures 300 K, 500 K, and
700 K. As a reference, NbCoSn, ZrNiSn, and the average LTCs for all HHs are also included.
For partial substitution on the optimal site (reducing LTC the most), we also display the
effect of gb-scattering with a grain size of 100 nm.
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Figure 2. κint
` and κmd

` for the 10 HH compounds with the lowest κmd
` at 300 K, compared with

NbCoSn, ZrNiSn, and the average of all HH compounds as reference. Brown bars indicate the
intrinsic LTC, while blue, orange, and green bars indicate the LTC with substitutions on X-, Y-, and
Z-sites. Sub-bars of increasing color intensity indicate the LTC at 300 K, 500 K, and 700 K. Purple bars
indicate κ

md,gb
` , where substitution is done on the site reducing LTC the most, including gb-scattering

using a domain size of 100 nm.

For the compounds with the largest potential drop in LTC, there is a strong substitution
site sensitivity. In general, we find that these compounds are characterized by a large
mass difference between the heaviest and lightest atoms in the parent compound, with
substitution on the heaviest atom being preferable. This can be exemplified by TiNiPb
and AlSiLi, which exhibit the largest potential drop in LTC with the introduction of md-
scattering; Pb is much heavier than Ti and Ni, and Al and Si are much heavier than Li.
TiNiPb has a relatively high κint

` = 22.2 W/Km at 300 K, but Z-site substitution brings it
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down to κmd
` = 4.6 W/Km, whereas X-site substitution results in 13.0 W/Km and Y-site

results in 8.2 W/Km. AlSiLi has the largest reduction with Y-site substitution, resulting in
κmd
` = 3.9 W/Km, quite similar to that of X-site substitution, which results in 4.0 W/Km,

while Z-site substitution results in 8.5 W/Km.
For the compounds with lowest κint

` , i.e., LaPtSb, LaRhTe, BaBiK, and CdPNa, substi-
tution on the optimal site reduces, on average, the LTC by 38%, while the average reduction
for all the HHs is 58%. Thus, while the reduction achieved by introducing additional
scattering mechanisms is lower for these compounds, it is still substantial. It is also in-
teresting to compare LiZnSb and CdPNa. Both these compounds have a quite similar
mass-variance parameter gi at the optimal substitution site: gi = 0.05 for substitution on
the X-site in CdPNa and gi = 0.04 for Z-site substitution in LiZnSb. Nonetheless, the effect
of substitution is far stronger for LiZnSb. Similar to AlSiLi, LiZnSb is characterized by one
of the atoms being much lighter than the other two.

When gb-scattering is introduced in addition to md-scattering, LiZnSb, AlSiLi, BiPdSc,
and VRhSn achieve κ

md,gb
` ≤ 2.2 W/Km, comparable to the values of the compounds with

the lowest intrinsic LTC without such scattering mechanisms. In comparison, NbCoSn
and ZrNiSn have κ

md,gb
` of 3.9 W/Km and 3.6 W/Km, and the average for the HHs of this

study is κ
md,gb
` = 3.6 W/Km when using optimal-site substitutions.

Figure 3 shows the change in κ
md,gb
` with temperature. While the relative ordering

of low to high κ
md,gb
` compounds tends to be retained with temperature, there is some

difference in the relative reduction with increasing temperatures for different compounds.
Interestingly, the compounds having a low intrinsic LTC, LaPtSb, LaRhTe, BaBiK, and
CdPNa, have a relatively large reduction in κ

md,gb
` with temperature, on average 44% when

going from 300 to 800 K. The average reduction for all HHs is only 32% over the same
temperature span. The compounds that attain a low κ

md,gb
` , LiZnSb, AlSiLi, BiPdSc, VRhSn,

BiNiY, and TiNiPb, have an average reduction of 33%, i.e., similar to that of the average
for the HHs. Among these, the largest reduction is found for BiNiY, for which the LTC
decreases by 40% when going from 300 to 800 K. In general κ

md,gb
` shows a more modest

reduction with temperature than κint
` , which on average is reduced by 62%. The slight

differences between the temperature dependence from one compound to the next, on the
other hand, almost vanish without the presence of additional scattering mechanisms.
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4. Discussion

While our paper provides valuable guidance on the optimization of sublattice solid
solutions for reducing the LTC, there are certain limitations of our analysis to bear in
mind. First, the study is based on the virtual crystal approximation, in which the sublattice
disorder is not accounted for explicitly. For a selection of the compounds, we simply use
the average “virtual” mass on a site, while for others we also interpolate the force constants
and lattice parameters, as discussed in Section 2.2. These limitations imply uncertainty in
the calculated numbers.

Second, we neglect strain-induced scattering when the mass-disorder effect is consid-
ered. In a recent paper, Arrigoni et al. [84] showed that force-constant disorder can in some
systems significantly reduce the predicted LTC. For In0.5Ga0.5As the reduction was ∼40%,
while for Si0.3Ge0.7 it was less than 10%. The difference between the LTC obtained with in-
terpolation of the mass, lattice parameter, and force constants compared with interpolation
of only the mass provides some indication of the magnitude of the strain-induced scattering.
This is because a large shift would imply that force constants of the two compounds are
quite different, indicating large strain-induced scattering matrix elements. As detailed in
the SM, we find that interpolating the lattice parameter and force constants changes the
LTC on average by 6.6% for substitution on the X-site, 7.3% for the Y-site, and 7.2% for
the Z-site. Thus, while this change is modest, it is not insubstantial; for some compounds,
e.g., for Y-site substituted NbCoSn it is quite large, having a relative deviation of 23%.
Nonetheless, md-scattering provides a rough lower bound of the scattering introduced
through substitution. One could argue that a large mass-variance tends to correlate with
variance in the effective size of the atoms and as such strain induced-scattering. Thus, one
could hope that much of the strain-induced scattering would be described indirectly by the
mass-variance. However, strain affects more atom sites than the mass-disorder, which is
entirely local. The relative difference in the effect of substitution on different sites would
therefore be somewhat affected by strain. The significance of this is difficult to evaluate,
but we assume that the key trends identified here remain valid.

Third, we use a substitution concentration of 10% throughout this work. Increasing
the concentration could further reduce LTC, but in terms of synthesis, higher concentrations
can also lead to phase separation [66,85]. We do note, however, that phase separation could
in some cases be beneficial for thermoelectric performance [86]. Sublattice miscibility is not
considered in this paper, but several HH alloys demonstrate substitution concentrations
higher than 10% [59,60,62,66,87,88]. However, some cases, such as 10% substitution of Li
with Na in X-site substituted LiZnSb could be unfeasible.

Given the many approximations, we perform a rough comparison with experiment to
obtain an indication of the accuracy of the predictions. In doing so, we first consider that
the computed intrinsic LTC is often much larger than the experimental LTC, especially for
unmixed compounds [61,62,72]. This overestimation can, at least partially, be explained by
the many impurities and defects present in real-world samples [35,89–91]. To correct for
this, we first compute an effective contribution to the thermal conductivity arising from md-
scattering, based on Matthiessen’s rule: 1/κ′` = 1/κmd

` − 1/κint
` . This expression can then be

compared with a corresponding experimental quantity, 1/κ′`,exp = 1/κmixed
`,exp − 1/κ

parent
`,exp . An

underlying assumption in this comparison is that the phonon scattering due to impurities
and other defects not related to mixing is quite similar in the mixed (κmixed

`,exp ) and pure

compound (κparent
`,exp ). Under this assumption, it is meaningful to compare κ′`,exp with the

theoretical counterpart κ′`, allowing for a rough comparison of the computed effect of md-
scattering with the mixing induced experimental effect. Comparing X-site substitution in
ZrNiSn at 500 K, we obtain in this work κ′` = 9.9 W/Km, which is in reasonable agreement
with the experimental value of κ′`,exp = 7.0 W/Km for Zr0.9Hf0.1NiSn [59]. Moreover, for
X-site substitution in VFeSb at 300 K, we find κ′` = 21.8 W/Km, which can be compared
with κ′`,exp = 18.7 W/Km [92] for V0.9Nb0.1FeSb. These differences are sizeable but still
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point to the general validity of using md-scattering as a rough indicator of the effect of
mixing on the LTC.

We also present results both with and without gb-scattering. The gb-scattering model
is highly idealized, assuming perfect scattering of long-wavelength acoustic phonons.
Real-world materials have grains of different sizes and orientations which scatter phonons
differently. Domain sizes of 50 and 100 nm are assumed here, while depending on the
preparation method, experimentally average grain sizes have been reported in the 60
to 400 nm range [62,93,94]. Nonetheless, gb-scattering provides some indication of how
grains and other macroscopic defects filter out the contributions of mostly long-wavelength
phonons to the LTC.

On a final note, one must keep in mind that substitutions and grain boundaries also
impact electron transport. The additional electron scattering introduced causes a reduction
in the electron mobility and in turn the conductivity σ [60]. However, the subsequent
reduction in ZT would be lessened by the simultaneous reduction in the electronic thermal
conductivity κe. LaPtSb, LaRhTe, BaBiK, and CdPNa have κ

md,gb
` ≤ 1.2 W/Km, comparable

to well-known low LTC thermoelectric materials such as PbTe [95,96] and SnSe [10,97]. This
value is similar to or even lower than κe in several doped HHs [80], e.g., κe = 1.4 W/Km
for NbCo0.94Ni0.06Sn [98] and κe = 1.5 W/Km for ZrPtSn0.92Sb0.0.08 [99]. Thus, with the
identification of low LTC comparable to κe, emphasis can shift to design strategies that
reduce κe.

5. Conclusions

This study has investigated the effect of isovalent sublattice-substitutions and grain
boundaries on the lattice thermal conductivity (LTC) of 122 half-Heusler compounds.
Calculations were done using density functional theory and the temperature-dependent
effective potential method. We have shown that several compounds with relatively high
LTC could be promising thermoelectric materials because of a substantial reduction in
LTC with the introduction of additional phonon scattering mechanisms. In general, the
largest reduction in LTC was achieved when substituting on the site hosting the heaviest
atom rather than substituting on the site hosting the atom having the largest mass-variance
parameter. We identified four compounds with quite large intrinsic LTC; LiZnSb, AlSiLi,
BiPdSc, and VRhSn, for which the LTC fell below 2.2 W/Km at 300 K with the introduction
of mass-disorder and grain-boundary scattering. For the four compounds with the lowest
intrinsic LTC, we found that both mass-disorder and grain-boundary scattering can further
reduce LTC, although the relative reduction is smaller, resulting in an LTC below 1.2 W/Km.

Our study highlights that the presence of elements with large masses can be beneficial
for thermoelectric materials. Such elements both reduce phonon velocities and allow for
large mass-disorder scattering. However, compounds with heavy atoms are typically
associated with expensive and rare elements like La, Pt, and Pd, or toxic elements such as
Pb and Te. This makes them less desirable for new large-scale thermoelectric applications.
However, the low LTC of Ga-substituted AlSiLi and Bi-substituted LiZnSb illustrates that
it can be sufficient that one or two of the atoms are substantially heavier than the others
once mass-disorder and grain-boundary scattering effects are taken into account. It is
interesting to note that the reason for the large drop in LTC seen for such compounds could
be connected to the nature of phonon modes. The substantial mass difference in zinc-blende
compounds has been linked to large gaps between acoustic and optical phonons and small
three-phonon scattering phase-space volume [100]. Such compounds would therefore
typically have intrinsic LTC on the higher end, and thus potentially a large reduction
in LTC with the introduction of additional scattering mechanisms. The identification of
compounds with a large drop in LTC with the introduction of additional scattering mecha-
nisms highlights the importance of going beyond three-phonon scattering when screening
materials for thermoelectric applications. The prospect of finding efficient thermoelectric
materials that are also cheap, easy to manufacture, and non-toxic remains bright.
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