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Multiphonon interaction and thermal conductivity in half-Heusler LuNiBi
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Half-Heusler compounds are promising candidates for thermoelectrics. The exploration of multiphonon
interaction, including four-phonon interaction, in half-Heusler compounds contributes to the deep understanding
of thermal transport, which is helpful to optimize thermoelectric properties. In this work, LuNiBi is taken as the
typical half-Heusler compound to investigate multiphonon interaction and thermal conductivity. By employing
inelastic x-ray scattering and first-principles calculations, we confirm that the low thermal conductivity ĸ of
LuNiBi is closely related to its small group velocity compared with many other half-Heusler compounds.
The noteworthy four-phonon scattering between parallel flat acoustic phonon bands is validated through a
combination of experiment and calculation, which may be related to its rattlinglike characteristic. Additionally,
the calculation confirms the four-phonon scattering further effectively decreases the thermal conductivity at
high temperature. The significant four-phonon scattering processes are associated with weakened three-phonon
scattering processes due to critical selection rules; this occurs both around parallel flat acoustic phonon bands
and in the 13–15 meV energy region. Our work highlights the significance of multiphonon scattering processes,
including four-phonon interaction, which plays an important role in the thermal properties of half-Heusler
materials.

DOI: 10.1103/PhysRevB.109.174302

I. INTRODUCTION

Half-Heusler compounds have gained significant attention
as promising thermoelectric materials [1–4]. The efficiency
of thermoelectric materials depends on the dimensionless fig-
ure of merit zT= S2σ/(κl + κe)T , where S is the Seebeck
coefficient, σ is the electrical conductivity, κl is the lattice
thermal conductivity, κe is electronic thermal conductivity,
and T is the temperature. The half-Heusler compounds usu-
ally possess good electronic property such as in ZrCoSb,
ZrNiSn, etc., contributing to the large thermoelectric power
factor S2σ [5–7]. However, the high thermal conductivity
of half-Heusler compounds often limits their thermoelectric
conversion efficiency [8,9]. Various approaches relying on
external means to regulate thermal conductivity have been
extensively studied. Many strategies for reducing the thermal
conductivity of half-Heusler compounds have been proposed
such as doping engineering, grain boundary engineering, etc.
[10–12]. Besides, many researchers are actively searching
for half-Heusler materials with intrinsic low lattice thermal
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conductivity [13–15]. Understanding the intrinsic phonon-
phonon interaction in half-Heusler compounds is favorable to
optimize the thermoelectric conversion efficiency. Although
theories like the Boltzmann transport equation have been
widely used to elucidate the micromechanisms of lattice ther-
mal transport properties in half-Heusler materials, such as
PCdNa, BaBiK, etc. [13,16–19], there are few experiments
to reveal the intrinsic phonon-phonon interaction which relies
on the inelastic scattering techniques.

The REYZ type half-Heusler compounds (RE is a rare-
earth element, Y is a transition element, Z is a heavy main
group element) attract attention due to their rich and intrigu-
ing physical phenomena and favorable properties, such as
large magnetoresistance and high carrier mobility in LuPtBi
and YPtBi [20,21], weak antilocalization effect and noncen-
trosymmetry superconductivity in LuPdBi [22], topological
insulators LaPtBi [23], etc. Recently, LuNiBi has emerged
as a material exhibiting weak antilocalization effect, large
magnetoresistance, and even a topological phase [24–26]. Its
thermoelectric properties have also been investigated theoret-
ically, including electronic and thermal transport [27,28]. In
spite of this, there is still a lack of comprehensive understand-
ing of the intrinsic phonon-phonon interaction in LuNiBi. On
the one hand, there are few inelastic scattering experiments
on LuNiBi. On the other hand, though four-phonon scattering
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has become a popular theory to further comprehend thermal
transport property [29,30], there are few studies that apply
high-order phonon-phonon interactions to half-Heusler ma-
terials. The four-phonon scattering processes can affect not
only the phonon shift such as in Cs2AgBiBr6 [31] but also
the phonon linewidth such as in AgCrSe2. The four-phonon
scattering usually leads to the phonon lifetime τ−1

4 ∼ ω4T 2. It
indicates the four-phonon scattering processes are more sensi-
tive to the temperature than three-phonon scattering processes,
which usually lead to τ−1

3 ∼ ω2T . Thus the four-phonon scat-
tering processes can further affect the thermal conductivity at
high temperature.

Here, we explore the multiphonon interaction, both three-
and four-phonon scattering, of LuNiBi by inelastic x-ray
scattering (IXS) experiment and first-principles calculation.
Among various half-Heusler materials, the low thermal con-
ductivity of LuNiBi is closely related to its low group velocity.
Interestingly, we observe parallel flat phonon bands around
∼ 8 meV near the zone boundary and the W-V direction of
LuNiBi, which can be attributed to the rattlinglike character-
istic in its structure. The obvious four-phonon scattering is
revealed between parallel flat acoustic phonon bands, which is
confirmed by both experiment and calculation. Moreover, the
four-phonon scattering between 13 and 15 meV also has an
obvious effect on thermal conductivity due to the weak three-
phonon scattering in that energy region, which results from
the limitations of critical three-phonon selection rules. This
work sheds light on the potential significance of high-order
phonon interaction in other half-Heusler materials with more
anharmonicity.

II. EXPERIMENTS AND CALCULATIONS

The high quality LuNiBi single crystal was prepared by
a Bi flux method, as described in previous work [32]. The
BL35XU beamline in SPring-8 [33] was utilized for inelastic
x-ray scattering measurement with 21.7 keV incident energy
at 300 K. The measurements were performed with a resolution
of 1.5 meV and a momentum resolution of 0.05, in units of
reciprocal lattice (2π /a). The [111] surface of the LuNiBi
single crystal was good quality, approximately 1 × 1 mm in
size, and was oriented perpendicular to the x-ray beam. Due to
the large thickness of the samples (∼ 0.8 mm), the reflection
mode was employed in this experiment. The vacuum envi-
ronment was maintained throughout the entire experiment in
order to protect the samples. The appropriate Brillion zone
Q= [2,2,2] for measuring the phonon dispersion was selected
using our in-house code. The damped harmonic oscillator
(DHO) model convoluted with the resolution function was
employed to obtain a reasonable phonon energy and phonon
linewidth; it is described as

I (E ) = R

[
A

{
1
2 ± 1

2 + n(|E |)} × E�LW(
E2 − Ec

2
)2 + (�LWx)2

+ B

]
, (1)

where R is the resolution function, Ec is the renormalized
phonon energy, n(E) is the Bose-Einstein distribution function
at phonon energy transfer E, �LW is the phonon full width at
half maximum, A is amplitude, and B is a constant.

The temperature-dependent phonon dispersion was calcu-
lated based on the temperature-dependent effective potential

(TDEP) method [34,35]. The ab initio molecular dynamics
(AIMD) was conducted with the Vienna ab initio simulation
package (VASP) [36]. The generalized gradient approximation
(GGA) [37] and 420 eV kinetic energy cutoff were chosen
in the calculations. The electronic energy tolerance was
set as 10−5. The simulations were run with a total number
of 10 ps with 1 fs/step for 300 and 700 K. The cubic-like
superlattice with 126 atoms was spanned by the vectors
[−1/2, 1/2, 2]a, [−3/2, 3/2, −1]a, [−3/2, −3/2, 0]a,
where a = 6.41 Å is the fcc lattice constant. The AIMD was
conducted with the canonical ensemble using a Nosé-Hoover
thermostat. Such cubiclike supercells can significantly lower
the computational cost associated with obtaining converged
phonon dispersions [38,39]. The converged cutoff radii of
the second-order force constant, third-order force constant,
and fourth-order force constant are set as 6.5, 6.5, and 5.5 Å,
respectively. The thermal conductivity was calculated with
FOURPHONON, which includes the thermal conductivity with
four-phonon scattering [40,41]. Due to the large amount of
computation for four-phonon scattering, the converged q mesh
was set as 8 × 8 × 8. The convergence tests of cutoff radii
and q mesh are shown in Figs. S1 and S2 (see Supplemental
Material [42]), respectively. The phonon self-energy ��q, j was
also calculated, which can be described as

��q, j ≈ �
(1)
�q, j (	) + �

(2)
�q, j (	)

= [



(1)
�q, j (	) + i�(1)

�q, j (	)
] + [



(2)
�q, j (	) + i�(2)

�q, j (	)
]
. (2)

The imaginary part �
(1)
�q, j (	) is associated with three-

phonon interaction and isotopic scattering [43] while the
�

(2)
�q, j (	) is related to four-phonon interaction [44–46]. The de-

tailed formula of the phonon self-energy calculation is shown
in the phonon self-energy section in the Supplemental Mate-
rial [42].

III. RESULTS AND DISCUSSION

The LuNiBi exhibits a typical half-Heusler structure, be-
longing to the F-43m space group. The structure comprises
three interpenetrating face-centered cubic (fcc) sublattices
along with one unoccupied fcc sublattice. The relaxed lattice
constants a = 6.41 Å, which is reasonably 1.1% larger than
the experimental lattice constants a = 6.34 Å [32]. As shown
in Fig. 1(a), the nearest Lu-Bi bond is a/2 while the near-
est Lu-Ni and Ni-Bi bonds are a

√
3/4. These two different

shortest bond lengths provide the possibility of a rattlinglike
phenomenon [18].

As shown in Fig. 1(b), the calculated phonon dispersion at
300 K agrees well with the inelastic x-ray experiment results.
Notably, the region between 7.5 and 10 meV displays flat
phonon bands when the transverse acoustic (TA) phonons
approach the zone boundary, particularly near the W and V
points, as illustrated in the pink shaded area in Fig. 1(b).
Between W and V, there are two nearly parallel transverse
acoustic phonon bands. This region corresponds to the first
peak of the vibrational density of states (VDOS) as illustrated
in Fig. 1(c). Between 13 and 15 meV, the optical phonon
bands contribute to the second peak of VDOS as shown in
the green shaded area in Fig. 1(b). It is worth noting that most
of these optical phonons in this energy region still have large
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FIG. 1. (a) The structure of LuNiBi. The picture is shown with VESTA [47]. (b) The phonon dispersion of LuNiBi at 300 K. The dots are
results from IXS experiment. The lines are calculated with force constants at 300 K. The symbols X, Г, W, and V represent (0, 1, 0), (0, 0, 0),
(0.5, 1, 0), and (1, 1, 0) in the conventional basis, respectively. (c) The vibrational density of states for LuNiBi at 300 K.

slopes, indicating the large group velocity. Below 15 meV, the
vibrations are primarily dominated by the heavy element Lu
and Bi, as depicted in Fig. 1(c).

Based on the VDOS, we have calculated the average

phonon energy of various atoms with ωi =
∫

dωig(ωi )ωi∫
dωig(ωi )

, where
ωi is the phonon energy of the ith kind of atoms and g(ωi ) is
the VDOS of the ith kind of atom. The ωLu, ωNi, and ωBi are
12.36, 19.38, and 11.97 meV, respectively. The total average
phonon frequency ωaverage is 14.57 meV. Notably, the ωLu and
ωBi with heavy elements are much smaller than the ωaverage

while the ωNi with light Ni atoms is much larger than the
ωaverage. The ωmin/ωmax = ωBi/ωNi = 0.617. The distribution
of average phonon energy of various atoms in LuNiBi is
very similar to that of some half-Heusler compounds like
BiBaK, RhLaTe, etc., which are known to possess low ther-
mal conductivity and are referred to as structures with rattler
characteristics [18]. Therefore, LuNiBi could also be referred
to as a structure with rattlinglike characteristics, which results
in the flat phonon bands between 7.5 and 10 meV.

The group velocity and elastic constants were extracted
from the IXS experiment as shown in Table I. The calculated
group velocity and elastic constants are slightly lower than
the IXS results, which may be related to the overestimation
of lattice constants due to the GGA potential. In general,
the experiment agrees well with the calculation. The C11 of
LuNiBi is only about half of that for ZrCoSb and ZrCoBi,
which indicates the lattice of LuNiBi is much softer than
ZrCoSb, etc. [48]. Consequently, LuNiBi is expected to pos-
sess the low average group velocity due to the presence
of heavy elements Lu and Bi, as shown in Fig. 2(a). This
characteristic will contribute to its low thermal conductivity

compared to other half-Heusler materials. However, as shown
in the shaded region of Fig. 2(b), the optical phonon bands
around 14 meV still possess large group velocity, which may
still contribute to the total thermal conductivity.

Interestingly, we observed the intriguing multiphonon in-
teraction, particularly four-phonon interaction, in LuNiBi.
Notably, there are parallel TAs around the zone boundary W
and V, as well as the whole W-V direction. As described with
red and blue lines in Fig. 3(a), two nearly parallel phonon
peaks are shown with the q vector increasing from 0.1 to 0.5
along the W-V direction. Such parallel flat acoustic phonon
bands usually limit the three-phonon scattering while they
can lead to strong four-phonon scattering, such as in AgCrSe2

[44]. Figure 3(b) shows a comparison of the phonon linewidth
of TA1 along the X-Г-W-V-Г direction at 300 K between the
calculation and the experiment. It also demonstrates that the
calculation including both three- and four-phonon scattering
agrees much better with experimental results than that only
including three-phonon scattering, especially around parallel
phonon bands along the W-V direction.

To clearly show the effect of four-phonon interaction, we
calculated the phonon line shape and then extracted the imagi-
nary part, which is related to the phonon linewidth. As marked
with ellipse in Figs. 3(c) and 3(d), around the eigenfrequency
of TA1 7.7 meV, there is no peak from three-phonon scattering
in the imaginary part of the phonon self-energy, while an
obvious peak from four-phonon scattering is present. Par-
ticularly, when temperature increases from 300 to 700 K,
the intensity of the four-phonon scattering related peak sig-
nificantly increases. However, there is little change in the
imaginary part of the phonon self-energy related to three-
phonon scattering around the eigenfrequency of TA1 7.7 meV.

TABLE I. The group velocity and elastic constants of LuNiBi from inelastic x-ray scattering experiment and calculation at 300 K. The
mass density is 11.21 × 103 kg/m3. The units of group velocity and elastic constants are m/s and GPa, respectively.

vGXTA1 vGWTA1 vGVTA1 vGXLA vGWLA vGVLA C11 C44 C12

IXS 2000 2091 2080 3859 3680 3695 166.94 44.84 67.56
Calc 1814 1813 1803 3796 3553 3614 161.53 36.89 57.52
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FIG. 2. (a) The comparison of group velocity between LuNiBi and other typical half-Heusler materials [14]. (b) The energy-dependent
group velocity of LuNiBi. The solid dots are extracted from IXS experiment. Others are based on calculation.

FIG. 3. (a) The inelastic x-ray scattering spectra of the TA phonons in LuNiBi along the W-V direction at 300 K. The blue and red peaks
indicate two parallel transverse acoustic phonons, which are marked with blue and red parallel lines. The numbers 0.1–0.5 indicate the different
q positions, which correspond to [2.5 + q, 3, 2]. (b) The phonon linewidth �LW of TA1 along X-Г-W-V-Г at 300 K. The imaginary part of the
phonon self-energy Г(E) of TA1 at 300 K (c) and at 700 K (d) at [2.8, 3, 2]. The inset picture in (c) describes the phonon interaction between
parallel phonon bands. The dots and stars indicate the contribution from three-phonon interaction and four-phonon interaction, respectively.
The red bar in the ellipse indicates the eigenfrequency of TA1.
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FIG. 4. The comparison of thermal conductivity between Lu-
NiBi and other half-Heusler materials [3,14,51–55].

This suggests that, in determining the line shape of TA1 at
[2.8, 3, 2], the impact of four-phonon scattering processes
is more significant than that of three-phonon scattering pro-
cesses. This is attributed to the greater significance of the
peaks around the eigenfrequency in phonon self-energy [49].
The strong four-phonon scattering can be understood with
the inset picture in Fig. 3(c). The energy conservation can
be automatically satisfied with
between the parallel phonon bands. The conservation of
momentum follows the parallelogram rule −→q2 + −→q3 = −→q1 +
−→q4 + −→

G , where
−→
G is the reciprocal lattice vector. The pres-

ence of parallel TAs makes it easier to satisfy the conservation
of energy and momentum required for four-phonon scatter-
ing simultaneously [49]. When the temperature increases,
the more phonons are excited and participate in the process
of four-phonon scattering. However, three-phonon scattering
is limited with critical selection rules. In parallel acoustic
phonon bands, only specific reciprocal points can be satis-
fied [49]. The rattlinglike characteristic in LuNiBi should be
closely related to such formation of parallel flat phonon bands,
leading to non-negligible four-phonon scattering, especially
at high temperature. This suggests that in more anharmonic
half-Heusler materials with more obvious rattler behavior,
such as PCdNa, BaBiK, etc. [18], there may be much stronger
four-phonon scattering between parallel flat phonon bands.
This effect could even resemble the resonant four-phonon
scattering observed in AgCrSe2 and AgI [49,50].

As shown in Fig. 4, the thermal conductivity of LuNiBi
(∼ 10.64 W/mK) is significantly smaller than that of ZrCoBi
at 300 K [51], in agreement with its relatively small elastic
constants and group velocity as previously predicted. It is
also lower than some other typical thermoelectric half-Heusler
materials such as TiCoSb [52], NbFeSb [4], etc. Further com-
parisons of thermal conductivity between LuNiBi and other
half-Heusler materials in Table S1 and Fig. S3 [42] reveal
that LuNiBi can be considered as a half-Heusler material
with low thermal conductivity. Some half-Heusler materials
such as TaCoSn [53] and ZrNiPb [54] possess lower thermal

conductivity than that of LuNiBi at 300 K. As the temper-
ature increases up to 1000 K, the thermal conductivity of
LuNiBi decreases by approximately half, making it compa-
rable to TaCoSn [48]. Moreover, the four-phonon scattering
further decreases the thermal conductivity of LuNiBi, par-
ticularly when temperature increases. With the inclusion of
four-phonon scattering, the temperature-dependent thermal
conductivity of LuNiBi changes from κ∼ T−1 to κ∼ T−1.11.
The contribution of four-phonon scattering should be closely
related to the parallel flat phonon bands mentioned earlier.

Subsequently, we further explore the thermal transport and
multiphonon interaction in LuNiBi. The cumulative thermal
conductivity κzz of LuNiBi along the z direction at 700 K is
shown in Fig. 5(a). The phonons below 15 meV contribute the
most to the thermal conductivity, with the acoustic phonon
bands contributing 85.34% and the optical phonon bands con-
tributing 14.66% to the total thermal conductivity. It is similar
to the cumulative thermal conductivity of LuNiBi at 300 K
as shown in Fig. S4(a), 82.70% from acoustic phonons and
17.30% from optical modes. The contribution from optical
phonon bands is closely related to the large group velocity as
mentioned before. Energy larger than 15 meV contributes lit-
tle to the total lattice thermal conductivity and thus we do not
discuss these modes here. Totally, the three-phonon interac-
tion dominates the contribution to the thermal conductivity of
LuNiBi. However, there are two energy regions, 7.5–10 meV
and 13–15 meV, that show an obvious contribution from the
four-phonon interaction as shown in Fig. 5(b) and Fig. S4b
[42]. When temperature increases to 700 K, the two energy
regions exhibit a more obvious contribution from four-phonon
interaction than those at 300 K as marked with ellipses in
Fig. 5(b). The first region, ranging from 7.5 to 10 meV, cor-
responds to the location of parallel flat TA phonons, where
the first prominent peak of VDOS is observed as shown in
Fig. 1(c). Their impact on thermal conductivity is even more
significant than that of the optical region, as depicted with red
bars in Fig. 5(b). It indicates the much stronger four-phonon
scattering between parallel flat phonon bands than other loca-
tions of phonon bands. The second region, ranging from 13 to
15 meV, corresponds to the second prominent peak of VDOS
as shown in Fig. 1(c). Now we explore the reason for such
obvious four-phonon interaction in the two energy regions.

The energy-dependent phonon linewidth at 700 K in
Fig. 5(c) further illustrates the anharmonic phonon scattering
process in detail. The region between 7.5 and 10 meV ex-
hibits the peaklike shape in the four-phonon scattering related
linewidth as shown in the olive ellipse in Fig. 5(c), which
corresponds to the peaklike shape of the four-phonon scatter-
ing phase space as marked with the olive ellipse in Fig. 5(d).
Between 5 and 7.5 meV, the phonon linewidth resulting
from three-phonon scattering is much larger than that from
four-phonon scattering, agreeing with three-phonon scattering
predominantly affecting the total thermal conductivity. How-
ever, the three-phonon scattering phase space between 7.5
and 10 meV notably decreases as shown in the olive ellipse
in Fig. 5(d). It further supports the notion that the presence
of parallel phonon bands limits the three-phonon interaction
while favoring four-phonon scattering.

Moving on to the second region with obvious four-phonon
interaction, ranging from 13 to 15 meV, a peaklike shape
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FIG. 5. (a) The cumulative thermal conductivity of LuNiBi at 700 K. The blue and red lines in the graph indicate the thermal conductivity
when considering only three-phonon interaction and when considering both three- and four-phonon interactions, respectively. (b) The energy-
dependent thermal conductivity of LuNiBi at 700 K. The blue bars indicate the energy-dependent thermal conductivity from three-phonon
interaction κ3ph. The red bars indicate the contribution from four-phonon interaction, which is described as 
 = |κ3+4ph − κ3ph|. (c) The
energy-dependent phonon linewidth of LuNiBi at 700 K. The circles and stars indicate the energy-dependent phonon linewidth from three-
phonon interaction and four-phonon interaction, respectively. (d) The energy-dependent phase space of LuNiBi at 700 K. The circles and stars
indicate the phase space for three-phonon interaction and four-phonon interaction, respectively. The regions marked with olive and orange
ellipses indicate where the four-phonon interaction is obvious.

of the linewidth from four-phonon scattering is observed in
Fig. 5(c), along with a peaklike shape in the four-phonon
scattering phase space in Fig. 5(d). However, the three-phonon
scattering becomes weaker in this region than in the other
energy region, resulting in a valley of the linewidth and phase
space for three-phonon scattering between 13 and 15 meV,
as shown in the orange ellipse of Fig. 5(c) and 5(d). The
decreased three-phonon scattering in this region is mainly
related to the decrease of AOO as shown in the region marked
with an orange ellipse in Fig. S5 [42] (A is acoustic phonon
and O is optical phonon). Such decrease is related to the
classical AOO selection rules 1 and 2. AOO selection rule 1
is that AOO processes cannot occur when the frequencies of
acoustic phonons exceed the optical phonon bandwidth 
ωo

[56]. LuNiBi possesses the optical bandwidth 
ωo ∼ 10 meV,
as illustrated by the phonon bands with sorted polarization
in Fig. S5(b) [42,57–60]. As shown in Fig. 1(b) and Fig.
S5(b) [42], the acoustic phonon can really approach and even
go beyond the 
ωo, based on the IXS and calculation, and
then in this region the AOO starts to decrease [61]. AOO
selection rule 2 is that if the group velocities of the opti-
cal phonons are lower than those of the acoustic phonons,
the AOO process is prohibited when both optical phonons
originate from the same phonon branch [61]. As shown in
the shaded region in Fig. 2(b), when optical modes approach
15 meV, the group velocity of most optical modes decreases
sharply. Thus, the decrease of AOO should be associated with
the critical AOO selection rule 2 [61]. However, the four-
phonon scattering processes are easier to achieve compared
to three-phonon scattering due to being less restrictive [62].
Thus the four-phonon interaction becomes obvious between

13 and 15 meV. In all, in these two regions marked with
ellipses in Figs. 5(b)–5(d), the strong limitations imposed by
the three-phonon scattering selection rules make the effect of
four-phonon scattering on thermal conductivity more obvious.

IV. CONCLUSION

The low thermal conductivity of half-Heusler material Lu-
NiBi is primarily due to its low group velocity, which is
closely related to the presence of heavy elements Lu and
Bi in the material system. Nevertheless, the parallel flat TA
phonon bands related to rattlinglike characteristics contribute
to the obvious four-phonon scattering, which is confirmed by
IXS experiment and calculation. The parallel phonon bands
satisfy energy and momentum conservation more effectively
for four-phonon scattering than for three-phonon scattering.
In addition, the energy region between 13 and 15 meV shows
clear evidence of four-phonon scattering, which is intensified
by the weak three-phonon scattering due to the limitation im-
posed by critical selection rules. This work unveils the relation
between four-phonon scattering and rattlinglike characteris-
tics. It emphasizes the importance of considering four-phonon
scattering in half-Heusler materials with exceptionally strong
anharmonicity, such as BiBaK, PCdNa, and others.
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half-Heusler alloys ScNiBi, YNiBi, and LuNiBi by ab initio
calculations, Acta Phys. Pol. A 138, 533 (2020).

[28] X. Yu and J. Hong, Absence of phonon gap driven ultralow
lattice thermal conductivity in half-Heusler LuNiBi, J. Mater.
Chem. C 9, 12420 (2021).

[29] T. Feng, L. Lindsay, and X. Ruan, Four-phonon scattering sig-
nificantly reduces intrinsic thermal conductivity of solids, Phys.
Rev. B 96, 161201(R) (2017).

174302-7

https://doi.org/10.1002/aenm.201500588
https://doi.org/10.1088/0953-8984/26/43/433201
https://doi.org/10.1038/ncomms9144
https://doi.org/10.1039/C4EE03042G
https://doi.org/10.1016/j.mtphys.2022.100648
https://doi.org/10.1002/adfm.200701369
https://doi.org/10.1016/j.mtcomm.2022.103908
https://doi.org/10.1088/0268-1242/27/6/063001
https://doi.org/10.3390/nano2040379
https://doi.org/10.1063/1.1868063
https://doi.org/10.1021/acsaem.1c02802
https://doi.org/10.3390/electronicmat3010001
https://doi.org/10.1103/PhysRevX.4.011019
https://doi.org/10.1016/j.mtphys.2022.100704
https://doi.org/10.1038/s41598-021-92030-4
https://doi.org/10.1103/PhysRevB.84.104302
https://doi.org/10.1103/PhysRevB.105.104309
https://doi.org/10.1103/PhysRevB.101.064301
https://doi.org/10.1088/1361-648X/aba2e7
https://doi.org/10.1103/PhysRevB.92.235134
https://doi.org/10.1038/srep02181
https://doi.org/10.1038/srep05709
https://doi.org/10.1063/1.3625946
https://doi.org/10.1103/PhysRevB.82.125208
https://doi.org/10.1038/nmat2771
https://doi.org/10.1016/j.tsf.2017.05.021
https://doi.org/10.12693/APhysPolA.138.533
https://doi.org/10.1039/D1TC02819G
https://doi.org/10.1103/PhysRevB.96.161201


YONGHENG LI et al. PHYSICAL REVIEW B 109, 174302 (2024)

[30] T. Feng and X. Ruan, Quantum mechanical prediction of four-
phonon scattering rates and reduced thermal conductivity of
solids, Phys. Rev. B 93, 045202 (2016).

[31] J. Zheng, C. Lin, C. Lin, G. Hautier, R. Guo, and B.
Huang, Unravelling ultralow thermal conductivity in perovskite
Cs2AgBiBr6: dominant wave-like phonon tunnelling and strong
anharmonicity, npj Comput. Mater. 10, 30 (2024).

[32] J. Chen, H. Li, B. Ding, Z. Hou, E. Liu, X. Xi, H. Zhang, G.
Wu, and W. Wang, Structural and magnetotransport properties
of topological trivial LuNiBi single crystals, J. Alloys Compd.
784, 822 (2019).

[33] A. Q. R. Baron, Y. Tanaka, S. Goto, K. Takeshita, T. Matsushita,
and T. Ishikawa, An x-ray scattering beamline for studying
dynamics, J. Phys. Chem. Solids 61, 461 (2000).

[34] O. Hellman, P. Steneteg, I. A. Abrikosov, and S. I. Simak,
Temperature dependent effective potential method for accurate
free energy calculations of solids, Phys. Rev. B 87, 104111
(2013).

[35] O. Hellman and I. A. Abrikosov, Temperature-dependent effec-
tive third-order interatomic force constants from first principles,
Phys. Rev. B 88, 144301 (2013).

[36] G. Sun, J. Kürti, P. Rajczy, M. Kertesz, J. Hafner, and G. Kresse,
Performance of the Vienna ab initio simulation package (VASP)
in chemical applications, J. Mol. Struct. 624, 37 (2003).

[37] J. P. Perdew, K. Burke, and Y. Wang, Generalized gradient
approximation for the exchange-correlation hole of a many-
electron system, Phys. Rev. B 54, 16533 (1996).

[38] Y. Li, J. Liu, and J. Hong, Anharmonicity-induced strong
temperature-dependent thermal conductivity in CuInX2 (X= Se,
Te), Phys. Rev. B 106, 094317 (2022).

[39] J. H. Lloyd-Williams and B. Monserrat, Lattice dynamics and
electron-phonon coupling calculations using nondiagonal su-
percells, Phys. Rev. B 92, 184301 (2015).

[40] Z. Han, X. Yang, W. Li, T. Feng, and X. Ruan, FOUR-
PHONON: An extension module to SHENGBTE for computing
four-phonon scattering rates and thermal conductivity, Comput.
Phys. Commun. 270, 108179 (2022).

[41] W. Li, J. Carrete, N. A. Katcho, and N. Mingo, SHENGBTE:
A solver of the Boltzmann transport equation for phonons,
Comput. Phys. Commun. 185, 1747 (2014).

[42] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.109.174302 for the convergence of the cut-
off distance to extract second-, third-, and fourth-order force
constants; the convergence test of q mesh for thermal con-
ductivity calculation; the thermal conductivity of different
half-Heusler materials at 300 K; the cumulative thermal con-
ductivity and energy-dependent thermal conductivity of LuNiBi
at 300 K; the three-phonon scattering phase space and the
phonon dispersion of LuNiBi at 700 K; the formula of phonon
self-energy calculation; diagrams representing contributions to
the phonon shift 
 and phonon linewidth �; a table of the
thermal conductivity of different half-Heusler materials.

[43] N. Shulumba, O. Hellman, and A. J. Minnich, Intrinsic local-
ized mode and low thermal conductivity of PbSe, Phys. Rev. B
95, 014302 (2017).

[44] R. S. Tripathi and K. N. Pathak, Self-energy of phonons in
an anharmonic crystal to O(
4), Nuovo Cimento B 21, 289
(1974).

[45] P. Procacci, G. Cardini, R. Righini, and S. Califano, Anhar-
monic lattice dynamics and computer simulation for simple
model systems, Phys. Rev. B 45, 2113 (1992).

[46] M. Balkanski, R. F. Wallis, and E. Haro, Anharmonic effects in
light scattering due to optical phonons in silicon, Phys. Rev. B
28, 1928 (1983).

[47] K. Momma and F. Izumi, VESTA: A three-dimensional visual-
ization system for electronic and structural analysis, J. Appl.
Crystallogr. 41, 653 (2008).

[48] L. Allan, W. M. Mulwa, J. M. Mwabora, R. J. Musembi, and R.
E. Mapasha, An ab-initio study of P-type ZrCoY (Y = Sb and
Bi) half-Heusler semiconductors, Heliyon 9, e18531 (2023).

[49] L. Xie, J. H. Feng, R. Li, and J. Q. He, First-principles study
of anharmonic lattice dynamics in low thermal conductivity
AgCrSe2 : Evidence for a large resonant four-phonon scattering,
Phys. Rev. Lett. 125, 245901 (2020).

[50] Y. Wang, Q. Gan, M. Hu, J. Li, L. Xie, and J. He, Anharmonic
lattice dynamics and the origin of intrinsic ultralow thermal
conductivity in AgI materials, Phys. Rev. B 107, 064308
(2023).

[51] H. Zhu et al., Discovery of ZrCoBi Based half Heuslers with
high thermoelectric conversion efficiency, Nat. Commun. 9,
2497 (2018).

[52] T. Sekimoto, K. Kurosaki, H. Muta, and S. Yamanaka, Ther-
moelectric and thermophysical properties of TiCoSb-ZrCoSb-
HfCoSb pseudo ternary system prepared by spark plasma
sintering, Mater. Trans. 47, 1445 (2006).

[53] S. Li et al., n-type TaCoSn-based half-Heuslers as promis-
ing thermoelectric materials, ACS Appl. Mater. Interfaces 11,
41321 (2019).

[54] J. Mao, J. Zhou, H. Zhu, Z. Liu, H. Zhang, R. He, G. Chen,
and Z. Ren, Thermoelectric properties of n-type ZrNiPb-based
half-Heuslers, Chem. Mater. 29, 867 (2017).

[55] H. Zhu et al., Discovery of TaFeSb-based half-Heuslers with
high thermoelectric performance, Nat. Commun. 10, 270
(2019).

[56] S. Mukhopadhyay, L. Lindsay, and D. S. Parker, Optic phonon
bandwidth and lattice thermal conductivity: The case of Li2X
(X= O, S, Se, Te), Phys. Rev. B 93, 224301 (2016).

[57] L. F. Huang, P. L. Gong, and Z. Zeng, Correlation between
structure, phonon spectra, thermal expansion, and thermome-
chanics of single-layer MoS2, Phys. Rev. B 90, 045409 (2014).

[58] P.-F. Liu, T. Bo, J. Xu, W. Yin, J. Zhang, F. Wang, O. Eriksson,
and B.-T. Wang, First-principles calculations of the ultralow
thermal conductivity in two-dimensional group-IV selenides,
Phys. Rev. B 98, 235426 (2018).

[59] P.-F. Liu, T. Bo, Z. Liu, O. Eriksson, F. Wang, J. Zhao, and B.-T.
Wang, Hexagonal M2C3 (M= As, Sb, and Bi) monolayers: New
functional materials with desirable band gaps and ultrahigh
carrier mobility, J. Mater. Chem. C 6, 12689 (2018).

[60] L. F. Huang and Z. Zeng, Lattice dynamics and disorder-
induced contraction in functionalized graphene, J. Appl. Phys.
113, 083524 (2013).

[61] N. K. Ravichandran and D. Broido, Phonon-phonon interac-
tions in strongly bonded solids: Selection rules and higher-order
processes, Phys. Rev. X 10, 021063 (2020).

[62] J. M. Ziman, Electrons and Phonons (Oxford University, New
York, 1960).

174302-8

https://doi.org/10.1103/PhysRevB.93.045202
https://doi.org/10.1038/s41524-024-01211-y
https://doi.org/10.1016/j.jallcom.2019.01.128
https://doi.org/10.1016/S0022-3697(99)00337-6
https://doi.org/10.1103/PhysRevB.87.104111
https://doi.org/10.1103/PhysRevB.88.144301
https://doi.org/10.1016/S0166-1280(02)00733-9
https://doi.org/10.1103/PhysRevB.54.16533
https://doi.org/10.1103/PhysRevB.106.094317
https://doi.org/10.1103/PhysRevB.92.184301
https://doi.org/10.1016/j.cpc.2021.108179
https://doi.org/10.1016/j.cpc.2014.02.015
http://link.aps.org/supplemental/10.1103/PhysRevB.109.174302
https://doi.org/10.1103/PhysRevB.95.014302
https://doi.org/10.1007/BF02737485
https://doi.org/10.1103/PhysRevB.45.2113
https://doi.org/10.1103/PhysRevB.28.1928
https://doi.org/10.1107/S0021889808012016
https://doi.org/10.1016/j.heliyon.2023.e18531
https://doi.org/10.1103/PhysRevLett.125.245901
https://doi.org/10.1103/PhysRevB.107.064308
https://doi.org/10.1038/s41467-018-04958-3
https://doi.org/10.2320/matertrans.47.1445
https://doi.org/10.1021/acsami.9b13603
https://doi.org/10.1021/acs.chemmater.6b04898
https://doi.org/10.1038/s41467-018-08223-5
https://doi.org/10.1103/PhysRevB.93.224301
https://doi.org/10.1103/PhysRevB.90.045409
https://doi.org/10.1103/PhysRevB.98.235426
https://doi.org/10.1039/C8TC04165B
https://doi.org/10.1063/1.4793790
https://doi.org/10.1103/PhysRevX.10.021063

