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Beneficial Contribution of Alloy Disorder to Electron and
Phonon Transport in Half-Heusler Thermoelectric Materials

Hanhui Xie, Heng Wang, Yanzhong Pei, Chenguang Fu, Xiaohua Liu, G. Jeffrey Snyder,

Xinbing Zhao, and Tiejun Zhu*

Electron and phonon transport characteristics determines the potential of
thermoelectric materials for power generation or refrigeration. This work
shows that, different from most of high performance thermoelectric mate-
rials with dominant acoustic phonon scattering, the promising ZrNiSn based
half-Heusler thermoelectric solid solutions exhibit an alloy scattering domi-
nated charge transport. A low deformation potential and a low alloy scattering
potential are found for the solid solutions, which is beneficial to maintain a
relatively high electron mobility despite of the large effective mass, and can
be intrinsic favorable features contributing to the noticeably high power fac-
tors of ZrNiSn based alloys. A quantitive description of the different phonon
scattering mechanisms suggests that the point defect scattering is the most
important mechanism that determines the phonon transport process of the
solid solutions. The present results indicate that alloying can be an effec-
tive approach for such materials systems to enhance thermoelectric figure
of merit ZT by reducing phonon thermal conductivity, while minimizing the
deterioration of charge mobility due to the low alloy scatteirng potential.

1. Introduction

Thermoelectric (TE) materials, which offer the possibility
of directly converting waste heat into usable electricity,
could be an important part of the solution to today’s energy
crisis.l!l The efficiency of a TE material is represented by the
dimensionless figure of merit ZT = o?0T/k, where « is the
Seebeck coefficient, o is the electrical conductivity, T is the
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operating temperature and «x is the total
thermal conductivity arising from two
prime contributions, namely, the lattice
part x; and the electronic part k.. Two
different approaches are often adopted
to improve the efficiency of thermo-
electrics: increase the power factor (020)
which is usually achieved by engineering
the electronic structure, and reduce x
by introducing additional phonon scat-
tering without the deterioration of power
factor.”! Increased band degeneracy by
band convergence,>! resonant states
from impurity doping,> and nano-
structure in multiple dimensions!!%-1]
have been demonstrated to be effective in
various systems to achieve high ZT.

Further improving ZT of TE materials
should be based on a better understanding
of electron and phonon transport features.
The optimal figure of merit ZT can be
determined by the thermoelectric quality
factor B o< u m* 32/x;, which is proportional to the density-of-
states effective mass m”, the carriers mobility u, and the recip-
rocal lattice thermal conductivity k; The greater quality factor
B will lead to the higher ZT. According to the deformation
potential theory,['% the mobility interacts with effective mass via
wooe mi*tmy* 32E 224 ¢ (my,”, the average single valley density-
of-states effective mass; m;", the inertial mass of carriers along
the conduction direction), when the carriers are scattered by
acoustic phonons. The deformation potential Ey. characterizes
the change in energy of the electronic band with elastic defor-
mation and thus describes the coupling between phonons and
electrons. A large m" is favorable to increase o, while it will in
turn lead to a significant reduction of mobility.'”! The weak
electron-phonon interaction described by a low Eg.¢ enables the
possibility of the coexistence of a high effective mass and a high
mobility. However, one can hardly extrapolate the deformation
potential to zero.

Forming solid solutions has been considered an effective
approach to enhance phonons scattering.l'® Point defect dis-
order caused by strain and mass differences between alloying
atoms and host atoms acts as scattering centers for phonons,
which gives rise to the reduction of lattice thermal conductivity
Ki. Meanwhile, the alloy disorder causes local potential energy
fluctuation that induces additional carrier scattering leading to
a mobility reduction, the strength of which is described by alloy
scattering potential E,.%% For most of high performance TE
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materials and related alloys, the acoustic phonon scattering is
dominant for the charge transport.2124 Therefore, the Fy.r and
E, are the key parameters to characterize the reduction of car-
rier mobility for TE solid solutions.

Half-Heusler (HH) alloys, with a valence electron count of
18, have been extensively studied as potential high temperature
TE materials due to their narrow band gap and sharp slope of
the density of states near the Fermi level.>=%) The HH com-
pounds of the general formula MNiSn (M = Ti, Hf, Zr) have
been of significant interest for their high power factors (020)
due to the combination of large o and moderate o. Many efforts
have been devoted to tune the carrier concentration by doping
Sb on the Sn sites,?>3! or controlling the atomic antisite dis-
order.2632 To reduce the lattice thermal conducitvity, the effec-
tiveness of isoelectronic alloying on the M or Ni sublattice in
causing additional mass or strain fluctuation,?>313334 or grain
refinement to enhance phonon scattering at boundaries,*>3l
has been sucessfully demonstrated. A peak value of ZT > 0.8
has been attained in these compounds,!'*31:3* which meets or
exceeds the industry benchmark set by SiGe based high tem-
perature TE alloys.

While the thermoelectric performance of MNiSn-based solid
solutions has been significantly optimized, few reports have
been presented on their electron and phonon transport char-
acteristics. As aforementioned, alloy disorder imposes influ-
ences on both electrical and thermal properties, it is imperative
to weigh the magnitude of its influence on both the electron
and phonon transports. The electronic structure calculations
of MNiSn compounds performed by different methods>’~4%
give similar band configuration that is characterized by single
conduction band near Fermi level, which enables the discus-
sion of carrier transport properties using a single parabolic
band (SPB) model. The SPB model has been successfully used
in various TE materials, like Mo3Sby, LasTe,, and BagGa;cGes,
system.l?224] On the other hand, detailed and accurate study
of phonon transport in thermoelectric materials enables better
understanding of heat transfer. The method for deducing the
relaxation times for phonon scattering processes developed
by Callaway,!l makes it possible to evaluate the contribu-
tions from different scattering mechanisms to the total lattice
thermal conductivity.

In this paper, we focus on the electron and phonon trans-
port characteristics of high performance HH alloys. Based on
the optimized composition of Hf} g5Zr, 35NiSng 0gSbg o2,13Y the
Pt substitution at Ni sites is introduced as additional disorder
to further reduce the thermal conductivity. The experimental
electrical and thermal properties are characterized and mod-
eled. Different from most of typical TE materials, in which
the carrier mobility is mainly limited by acoustic phonon scat-
tering,121-24 the alloy scattering dominated charge transport is
found in the HH alloys. A low E;; = 0.9 eV and a low Ege= 5 eV
are derived, which compensate for the effect of the large effec-
tive mass on the mobility, and can be the intrinsic favorable
features contributing to the high power factors of (Hf,Zr)NiSn
based alloys. The phonon scattering mechanisms were also
quantitively described. The alloying induced point defect scat-
tering, together with Umbklapp process, is found to dominate
phonon transport process in MNiSn(M = Ti, Hf, Zr) based HH
solid solutions.
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2. Results and Discussion
2.1. Electrical Properties and Scattering Potentials

Figure 1 shows the high temperature electrical properties of
Hfj 65Z10.35Ni;,Pt,SngegSbg; (z = 0-0.15) compounds. The
electrical conductivity o and Hall mobility py for all the sam-
ples decrease with increasing temperature, indicating a degen-
erate semiconductor behavior. The Hall carrier concentration
ny exhibits the weak dependence on the Pt substitution ratio,
varies from 4.5-6.5 x 10 cm™ and remains nearly constant
before intrinsic excitation.The Hall mobility ; decreases with
the increase of Pt fraction, which may result from the enhanced
alloy scattering caused by additional disorder. The py; almost
exhibits a T-'/? dependence, implying that alloying scattering
may be the dominant source of collision.*?! Tt is noteworthy
that the carrier mobility depends less strongly on temperature
in degenerate semiconductors, and hence the experimental
data of uyy looks flatter than T-Y/2211 As shown in Figure 1d, the
Seebeck coefficient o exhibits the temperature dependence and
sign expected for heavily doped n-type semiconductors. Con-
sistent with the behavior of carrier concentration in Figure Ic,
the Pt content has no great influence on the o.

The experimental transport data on HH alloys can be ana-
lyzed using the common solution to the Boltzmann transport
equation within the relaxation time approximation. Assuming
that electron conduction occurs within a single parabolic band
(SPB), the Seebeck coefficient ¢ and the Hall concentration ny
are given by

kg ((2+A) Fii(n) )

e \ (1+1)F ()

2m* kg T\

= 4 <_th3 ) Fiz 2)
=] Jd o] SJ d

Fj(’?)=/0 f& 5./(; mg (3)

Here, kg, €, h, A, and m" are the Boltzmann constant, the
electron charge, the Planck constant, the scattering factor and
the density-of-state effective mass, respectively. Fj(n) is the
Fermi integral, described by the reduced chemical potential
n defined as n = (Er — E)/(ksT), where Fp is the chemical
potential and E_ is the energy of conduction band bottom. It
is generally accepted that the acoustic phonon scattering is
dominant in limiting the carrier mean free path.?*?4 Luckily,
the energy dependence of the relaxation time is the same
for acoustic phonon scattering and alloy scattering, both of
which give A = 0.1 Thus, the effective mass m* = 2.9 m, was
obtained at 300 K for Hfj¢sZr( 35Ni;,Pt,Sng95Sbg o, samples,
which is in good agreement with the previous reports.31* The
calculated temperature dependence of Seebeck coefficient is
given in Figure 1d, which deviates from the experimental data
above about 500 K, signaturing the onset of the contribution
of minor carriers and the invalidity of the SPB model above
500 K.
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Figure 1. Temperature dependences of a) electrical conductivity o, b) Hall mobility uy, c) carrier concentration ny, and d) measured and calculated

Seebeck coefficient o for Hfy gsZrg 35Niy_,Pt,Sng 9sSbg 0, compounds.

The drift mobility u is related to the Hall mobility uy via
Ui = U 1y, where 1y is the Hall factor. The SPB model with A =
0 gives

Fi/2(n) F_1)2(n)

3
T T 2R M) (4)

When the carriers are scattered by both alloy disorder and
acoustic phonons, Matthiessen's rule gives an expression
for the total u as 1 = -1 4+ L. The deformation poten-
tial theory of calculating t“he scatterlng by acoustic vibration
gives(1645]

ph _ 2V2ment _ vip Fo(n)
u 3(kgT)?2 Ed f( )3/2 « F1/2M) (5)

where v, is the velocity of longitudinal sound waves, and p
is the density. The deformation potential Egr specifies the
strength of the electron-phonon interaction. m," is expressed
as m" = N2Pmy*, where N, is the number of degenerate car-
riers pockets. The conduction band extrema for n-type MNiSn
locates at X point of the Brillouin zone, and has three equiva-
lent pockets which dominate the transport properties.3%4C
Harrison and Hauser derived the relaxation time due to
scattering in a random alloy,!*"l and the drift mobility for alloy
scattering can be written as

16eh’ N, E,n)
O2mx(1—x)(ky ) E* (my)m, Fr,(1) (6)

al __

u

where N is the number of atoms per unit volume and x is the
fractional concentration. For the case of Hf; 4571 35Ni;_,Pt,S1g 9gS
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by compounds, p? is estimated by the combined scat-
termg from both the Hf-Zr and Pt-Ni disorders, expressed as
#al = m + m Figure 2 shows the experimental data and
the theoretical calculations for all the samples at 300 K. It explic-

itly suggests that alloy scattering is the dominant mechanism

that limits the Hall mobility, other than the acoustic phonon
1000
Acoustic scattering
/\
Py ®  This work
» % Zhu et al. Ref.44
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Figure 2. Hall mobility versus carrier concentration for samples from
this work at 300 K, as well as data at 300 K from Zhut4 and Yul']
et al. The experimental data are compared to theoretical curves cal-
culated by SPB model assuming carrier mobility is limited by acoustic
phonon scattering (red solid curve), alloy scattering (pink dash curve),
and both of them (green solid curve).The curves were calculated using
m* =2.9 me.
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scattering. The values of E; = 0.9 eV and Egf = 5.0 eV were
derived from fitting the experimental mobility data. The typ-
ical magnitude of Ey. is found to be 8-35 eV for semiconduc-
tors (Supporting Information, Table S1). The low Eg = 5.0 eV
implies the weak interaction between electrons and phonons in
this system, which is favorable for a high mobility. E;; = 0.9 eV is
reasonable according to the previously reported alloy scattering
potential of semiconductors (0.6-2 eV).'8! Compared to y o< T-3/2
relationship in an acoustic scattering dominant system, the alloy
scattering dominant mechanism gives a relatively weak tempera-
ture dependence of mobility via pt < T-1/2, which leads to a lower
descent rate of mobility, shown in Figure 1b.

It has to be mentioned that ZrNiSn based HH compounds
are polar semiconductors due to large electronegativity differ-
ences between the constituent elements. Thus the polar optical
phonon scattering may play a role in the charge transport.
We calculated the Hall mobility due to polar scattering from
optical phonons using the polar scattering relaxation time,/?!
and found that the polar scattering have appreciable influences
on the electron transport at low carrier concentrations below
10%° cm=3. At the high carrier concentrations of ny = 4.5-6.5 x
10%° cm™ in this work, the contribution of polar scattering to
the mobility can be neglected compared to the acoustic phonon
scattering, which is well consistent with the recent report on
PbS.1*) For the heavily doped TE materials, the screening of
polarity vibration by free electrons may take actions.

High ZT can in principle be achieved in a semicon-
ductor with a large value of um*/2. The large effective mass
m* = 2.9m, of n-type ZrNiSn based HH alloys may result in a
low carrier mobility. For comparison, typical TE materials such
as PbSel*”l and PbTe,['”) have much larger u of several hundred
cm? V7! 571 at room temperature with smaller m*. However, the
present results show that ZrNiSn based solid solutions have
the low values of deformation potential and alloy scattering
potential, which is beneficial to compensate for the deteriora-
tion of mobility caused by the high effective mass. The results
also explain why HH alloys have noticeably high power fac-
tors among the advanced TE materials. Furthermore, unlike
other advanced TE materials with strong acoustic phonon scat-
tering,?124 the HH system exhibits an alloy scattering domi-
nant carrier transport, which can be another unique feature for
the promising high temperature TE materials.

The Pisarenko plot of o versus ny from this study and the lit-
erature is shown in Figure 3, together with the theoretical curves
calculated using SPB model with m" = 2.9m, at 300 K and 450 K.
The agreement between calculations and experiment strongly jus-
tifies the use of SPB model for the analysis of electronic transport
in the (Hf,Zr)NiSn system. The trivial change of m* suggests that
the substitution of Pt for Ni has a minor effect on the band struc-
ture of the half-Heusler alloys. A temperature-independent effec-
tive mass was obtained, which can be understood by an insignifi-
cant change of the chemical potential n (from 3kgT at 300 K to
1.5kgT for 500 K) in the edge of the conduction band.

2.2. Phonon Transport and ZT Values

The temperature dependences of total thermal conduc-
tivity x and the lattice thermal conductivity x; are plotted in

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Seebeck coefficient versus the Hall carrier density of
Hfo.65Zr0.35Ni7_,Pt,Sng 9sSbo o2 samples at 300 K and 450 K, together with
the literature data.l3!4448]

Figure 4. The total thermal conductivity for all samples declines
with increasing temperature before bipolar conduction begins.
The lattice thermal conductivity was obtained by subtracting
the electronic contribution from the measured k. The electronic
part was calculated via the Wiedemann-Franz relationship, k. =
Lo T, where L is the Lorenz number and can be calculated with
the expression

_ kK (A+24)B+2)F () Fu(n) — 2+ 2)? Fi (n)?
G (1+ 1) F (n) )

The calculated L values decrease with the increase of tem-
perature for all samples (due to decreasing 1), as shown in
Figure 4b.

The x; within the whole measured temperature range
decreases with the increase of Pt ratio, mainly resulting from
the enhancement of phonon scattering, but still much higher
than the theoretical minimum lattice thermal conductivity,
Ki,.., calculated by Cahill's formulation.*?) The lattice thermal
conductivity displayed a k; <T"1/? relationship, as shown in
Figure 4d, indicating the existence of strong alloy scattering of
phonons. ¥

The complex interplay of phonon scattering can be estimated
by the Callaway model based on relaxation times approxima-
tion, assuming that there is no phonon dispersion and the lon-
gitudinal and transverse polarizations behave identically.’!l A
simplified version of Callaway model gives Equation 8, which
neglect the small correction term for Normal phonon-phonon
interaction.*!l

3 6p/T 4%
= Zkz <k—B) T3/ T (x)—x ¢ sdx
v \ h 0 (ex—1) 8)

Here, x is defined as x = hw /kg T (o is the phonon fre-
quency), v is the phonon velocity and 6 is the Debye tempera-
ture. Debye model gives the relationship between Debye tem-
perature 6, and Debye frequency wp as kgbp = ®p.The Debye
temperature is calculated from the measured longitudinal
and transverse sound velocities, v and v, and atom number in

a unit volume n via y = {% (i} + %) }71/3 and 6p = v(672n) 3 /ky.
Y Vg
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Figure 4. Temperature dependences of a) total thermal conductivity k, b) the Lorenz number, c) the lattice thermal conductivity ki, and d) the lattice

thermal conductivity & versus T3, for Hfy gsZrg 35Ni;..Pt,Sng 6gSbog a-

Thermal conductivity is typically limited by phonon-phonon
scattering, phonon-electron scattering, point defect scattering,
and boundary scattering. With the basic assumption of Mat-
thiessen’'s rule?l the combined relaxation time 7: can be
obtained by the addition of the i inverse relaxation times for the
different scattering processes, ! Z T, where T; refers to
the phonon relaxation time for the ith scattering process.

At temperatures in the region of T > 0.1 6p, the Umklapp
scattering is believed to be crucially important.”3! An empirical
expression of 7y described by the Grueneisen parameter ¥,
volume per atom V, and the average mass M gives:

o hyte’T . o
T gy P\ T3T (9)
Grueneisen parameter, which strongly depends on the

m Vm

anharmonicity of the bonding, is given as ¥ = 3c— where
B, Vi, Bm, G, are linear thermal expansion coefficient, the
molar volume, isothermal bulk modulus, and heat capacity. Iso-
thermal bulk modulus B, can be estimated from the measured
transverse sound velocity v, and density p, via vt = v/ Bu/p.

Scattering by point defects arises from both mass and strain
differences within the lattice. In the simple case of alloying, 7pp
is given by

4
1ops M+ Ts) (10)

where T'y and T'g are the disorder scattering parameters due to
mass and strain field fluctuations, respectively. Yang et al. have
successfully demonstrated the use of the disorder scattering

1 1 1
Tp =Ty +7Ts =
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parameters in calculating the point defect scattering in ZrNiSn-
based HH alloys.

Ziman obtained an expression of the phonon relaxation time
for scattering by free electrons in a parabolic model.”®! At high
carrier concentrations,?® the derivation is given as:

T_l — Eiefm*zw
e Ry (11)

Boundary scattering in polycrystalline materials with grain
size d can be estimated from T = £.57) The effect of boundary
scattering may be important in non-single crystal materials or
in very thin film. Sintered materials show this effect particu-
larly strongly.’% In this paper, d = 1.5 um was estimated from
the scanning electronic microscopy observation (Supporting
Information, Figure S1), which is similar with our previous res
Ults [31:42:48,58]

The parameters used for calculations are shown in
Table 1. The linear thermal expansion coefficient 8 is about
12.1 x 107® K! based on the thermal expansion measurement
of ZrNiSn.

The scattering mechanisms discussed above target different
populations of phonons, as shown in Figure 5a. The curves are
calculated at 400 K, when all of the vibration modes have been
excited and the maximum phonon frequency is the Debye fre-
quency. It is generally accepted that Umklapp and point defect
scattering target high frequency phonons, while the boundary
scattering is often the dominant mechanism at low frequen-
cies.Pll In this work, Tpp =6 x 107'* s at Debye frequency were
obtained for Hfj ¢5Zr( 35Nij g5Ptg.15510.98Sbg 0 sample, implying
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Table 1. Room-temperature sound velocities by ultrasonic measurement
and calculated parameters for Hfy g5Zrg 35Niy_.Pt,Sng 0sSbg g, samples.

Pt ratio V| vy v Young’s 6p Y
[ms™] [ms™] [ms™] Modulus
[Gpa]
0 4953 2927 3242 199 366 0.92
0.05 4956 2923 3238 198 361 0.91
0.1 4908 2917 3229 196 360 0.90
0.15 4800 2842 3147 190 350 0.86

that strong point defect scattering exists, which is consistent
with the results shown in Figure 4d. In combination, these
scattering mechanisms lead to an effective 7 that envolves in
the calculations of the lattice thermal conductivity.

The comparison of experimental and theoretical lattice
thermal conducitivities for Hfj¢sZr(35Ni;Pt,SngegSbogy is
shown in Figure 5b. The target temperature is 400 K, when all
the vibration modes have been excited and bipolar conduction
has not yet begun. The point defect scattering is the dominant
source of collisions, which sets an limit to the lattice thermal

— 10 : ” :
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Figure 5. a) Calculated phonon relaxation time 1 versus frequency  at
400 K for Hfyg5Zrg35Nig.gsPto15SN0.0sSbooz sample. b) Comparison of
experimental and calculated lattice thermal conducitivities at 400 K for
Hfo 65210 35Ni1..Pt,SN0.98Sbo 02
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Figure 6. Temperature dependence of the dimensionless figure of merit
ZT for Hf0_65Zr0_35Ni1_ZPtZSn0_9SSb0_02.

conductivity. Electron-phonon scattering, which is often
believed as low temperature effect, may become an impor-
tant part in semiconductors with high carrier concentrations,
especially for systems with a large effective mass. It is reported
that electron-phonon coupling contributes significantly to
the reduction of lattice thermal conductivity in heavily doped
n-type CoSb; %61 With high carrier concentration n = 5-6 x
102 cm™ as well as large effective mass m* = 2.9m,, phonon-
electron interactions forms an unnegligible part of scattering
in doped n-type ZrNiSn based alloys. Boundary scattering,
though believed to be negligible at high temperatures in some
systems,[??l proves to be important in sintered HH alloys with
small grain sizes as shown in Figure 5b, which is consistent
with previous reports.[>3¢%2 The calculated & considering all
these scattering mechanisms matches well with the experi-
mental values, indicating that calculations based on Callaway
model can give a prediction to the thermal conductivity for
HH system. The calculated spectral thermal conductivity k
also supports the above discussions (Suppoting Information,
Figure S2).

The high temperature figure of merit ZT was calculated
and shown in Figure 6. All the Pt substituted samples exhibit
an improvement of ZT compared to the parent compound,
implying that the alloy disorder is beneficial for high perfor-
mance of the alloy system, especially at high temperatures.
The highest ZT value reaches =0.75 at 875 K for Hfj 521, 35N
i0.05Pto.05SN0.0gSbg 0y, comparable to the state-of-the-art value
of ZT=0.8.'13134 The higher ZT can be desirable with further
increasing temperature.

3. Conclusions

The thermoelectric transport of Pt substituted (Hf,Zr)NiSn-
based HH solid solutions were systematically investigated. The
strong alloy scattering was found in this system, in addition to
the acoustic phonon scattering that is the most important scat-
tering mechanism in most of advanced TE materials. A low
deformation potential and a low alloy scattering potential were
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derived, which are beneficial to compensate for the decrease of
mobility due to the large effective mass, and also contribute to
high power factors in n-type ZrNiSn-based half-Heusler system.
The Callaway formalism for the phonon relaxation times was
adopted to distinguish the different scattering mechanisms,
and the results suggest that strong point defect scattering exists
in phonon transport, which is consistent with the experimental
ki = T~% relationship. Pt substitution on Ni site is proved effec-
tive in suppressing thermal conductivity by =40% reduction
at 870 K. The present work indicates that alloying can be an
effective approach for such materials systems to enhance the
thermoelectric figure of merit ZT by enhancing point defect
phonon scattering, while minimizing the deterioration of
charge mobility due to the low alloy scattering potential.

4. Experimental Section

The high purity of samples were fabricated by a time-efficient method
combining levitation melting and spark plasma sintering (SPS).B7#4
Alloys  with  nominal composition  Hfg¢5Zrg35Nii..Pt,SngegSbo oz
(z =0, 0.05, 0.1, 0.15) were first prepared by levitation melting of
stoichiometric amounts of Hf (piece, 99.99%), Zr (piece, 99.99%),
Ni (block, 99.999%), Pt (particles, 99.999%), Sn (particles, 99.999%),
and Sb (block, 99.99%) under an argon atmosphere for 2 min, and the
melt was quenched in a water-cooled copper crucible. The ingots were
remelted twice to ensure homogeneity. Mechanical milling was carried
out with normal butane protection at 200 rpm for 4 h. The powders
were then sintered by SPS (SPS-1050, Sumitomo Coal Mining Co.) at
1175 K under 65 MPa in vacuum for 10 min. The as-sintered samples,
of which the relative density was found to be =95%, were used for
measurements of thermal conductivity and Hall data, and then cut
into rectangular bars for Seebeck coefficient and electrical conductivity
measurements.

The phase structure of the powders and sintered samples were
studied by X-ray diffraction (XRD) on a RigakuD/MAX-2550PC
diffractometer using Cu K, radiation (A = 1.5406 A) and the chemical
composition was obtained during electron probe microanalysis (EPMA,
JOEL, JXA-8100) using wavelength dispersive spectroscopy (WDS).
The XRD patterns of all samples could be indexed to the MNiSn
based half-Heusler phase with a cubic MgAgAs-type crystal structure
(Supporting Information, Figure S3). The EPMA results revealed that the
compositions of the Hfy ¢5Zrg 35Niy_.Pt,Sng.9gSbg o, (z =0, 0.05, 0.1, 0.15)
samples were very close to the nominal ones (Supporting Information,
Table S2). The electrical transport was characterized via Hall effect,
electrical conductivity, and Seebeck coefficient measurements. The
in-plane electrical resistivities and Hall coefficients were measured
using the Van der Pauw method in a magnetic field up to 2 T. The Hall
carrier concentration ny is calculated via ny = 1/eRy, where Ry is the
Hall coefficient and e is the electron charge. The Hall mobility u is
calculated from the Hall coefficient and electrical conductivity ty = Ryo.
The electrical conductivity and Seebeck coefficient from 300-900 K were
measured on a commercial Linseis LSR-3 system using a DC four-probe
method and differential voltage/temperature technique, respectively. The
thermal conductivity k¥ was calculated by using Kk = DpC,, where p is
the sample density estimated by an Archimedes’ method. The thermal
diffusivity D, and specific heat C,, were measured by a laser flash
method on Netzsch LFA457 instrument with a Pyroceram standard.

Normal and shear ultrasonic measurements were performed at
room temperature using input from a Panametrics 5052 pulser/
receiver with the filter at 0.03 MHz. The response was recorded via a
Tektronic TDS5054B-NV digital oscilloscope. The high-resolution mode
was employed for the longitudinal speed of sound and an averaging
mode (16 wave forms) was utilized for the transverse speed-of-sound
measurements.
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