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a b s t r a c t

High-resolution synchrotron radiation X-ray powder diffraction was used for the structural characterization 
of half-Heusler alloys with compositions MNiSn, M0.5M′0.5NiSn, and M0.5M′0.25M”0.25NiSn ((M, M′, M”) = Ti, 
Zr, Hf). These alloys were synthesized by arc melting and subsequent thermal annealing. Rietveld refine-
ments of the room temperature patterns revealed that the unit cell parameter is larger for ZrNiSn and 
smaller for TiNiSn, in accordance with the respective atomic radii. The site occupation of each atomic 
species exhibited similar trends to those reported in the literature. The values of the linear coefficient of 
thermal expansion (α) for all the investigated phases within the alloys are  <  10−5 K−1. In addition, the value 
of the Debye temperature (θD) is estimated by analyzing the temperature dependence of the isotropic 
atomic displacement parameters. In the case of these half-Heusler alloys, it is observed that a lower θD 

corresponds to a lower α. The good agreement between the temperature dependence of the Debye tem-
perature and the calculated values using the Thirring-Stern expansion enables us to demonstrate the sig-
nificant role of anharmonicity: the lighter the compound, the lower the anharmonicity. Furthermore, we 
also discuss the implications of anharmonicity on the thermal conductivity of this family of half-Heusler 
compounds at room temperature.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

There is a global need for new energy sources and methods of 
energy conversion. Thermoelectric (TE) materials have the potential 
to fulfill this need [1]. The TE effect enables the conversion of a 
temperature gradient into an electric current. Consequently, waste 
heat, such as that from a car exhaust or industrial processes, can be 
efficiently transformed into usable electric energy, thereby enhan-
cing overall system energy efficiency [2].

Among the various TE materials, BiTe- and PbTe-based alloys 
have been extensively studied due to their promising properties, 
particularly their high efficiency. The efficiency of TE materials is 
closely associated with their TE figure of merit, zT,

=zT
S

T
2

(1) 

where S is the Seebeck coefficient, the electrical conductivity and 
the thermal conductivity. However, due to toxicity concerns or their 
inclusion in the critical raw materials (CRM) list [3,4], some of the 
atomic species used (such as Te and Pb) should be replaced with 
alternative options. In this regard, half-Heusler (hH) alloys have 
gained significant attention in recent years as potential alternatives 
for TE generators. These hH alloys exhibit high performance, good 
stability at high temperatures (high melting point values), low 
toxicity and mechanical robustness. Moreover, they are composed of 
inexpensive and abundant constituents [5]. Importantly, these alloys 
are semiconductors with a narrow band gap in the density of states, 
a crucial characteristic for their application in TE systems. XYZ hH 
alloys adopt the MgAgAs-type crystal structure with space group F- 
43m (no. 216), being X and Y transition metals, such as X = Ti, Zr, Hf 
and Y = Co, Ni, Fe, while Z is a sp-metalloid or metal, such as Z = Sn, 
Sb, Bi. The crystal structure of hH alloys can be derived through the 
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interpenetration of a rocksalt- and a zincblende-type crystal struc-
tures. The elements X and Z are located at the Wyckoff positions of 
the rock-salt crystal structure 4a (0,0,0) and 4b (1/2,1/2,1/2), re-
spectively. The elements X and Y form the zincblende structure oc-
cupying the positions 4a (0,0,0) and 4c (1/4,1/4,1/4), respectively, 
and leaving the position (3/4,3/4,3/4) vacant. Among hH-alloys, the 
(Ti,Zr,Hf)NiSn systems have been extensively studied and are con-
sidered promising candidates within the n-type semiconductors for 
thermoelectric applications. Machine learning studies still empha-
size the potential of half-Heusler alloys, particularly (Ti,Zr,Hf) 
NiSn [6].

Despite the promising nature of hH alloys as TE materials, there 
are significant challenges that need to be addressed for their in-
dustrial scale-up implementation. One of the main hurdles is their 
relatively high thermal conductivity when compared to other TE 
materials such as skutterudittes [7]. To mitigate this limitation, 
various approaches have been explored, such as introducing mass 
contrast [8–10] or nanostructuring techniques [11–13]. These 
methods offer the potential to transform hH alloys into viable al-
ternatives to the exiting TE materials. In particular, severe plastic 
deformation achieved through high-pressure torsion has proven to 
be effective in significantly reducing the thermal conductivity in p- 
and n-type TE materials [14–16]. In contrast, recent studies indicate 
that chemical doping has limited impact on reducing the thermal 
conductivity [17]. Additionally, a crucial parameter for the design of 
industrial-scale TE generators is the linear coefficient of thermal 
expansion (CTE). Since these materials are intended for use across a 
wide temperature range, it is essential to control the mismatch be-
tween components, such as semiconductors and substrates [18]. In 
TE applications, the maximum operating temperature typically falls 
within the range of 500–1000 K [2]. The linear CTE, α, is defined as:

=
a

a
T

1
,

(2) 

where a represents the lattice parameter at a certain temperature 
and a corresponds to the change in lattice parameter due to a 
temperature variation, ΔT. While there are limited reports on the 
temperature-dependent thermomechanical properties of TE mate-
rials [19] and on the CTE [20,21], most of these studies have relied on 
dilatometry [20,22]. High temperature X-ray powder diffraction 
(XRPD) data, which provide a direct method for determining lattice 
parameter at elevated temperatures are scarce [21,23]. However, 
such data are crucial for understanding thermal expansion and other 
thermomechanical properties, particularly in the context of building 
a TE modules or generators [1,24], as well as considering the oxi-
dation of these modules at high temperatures [25]. Therefore, a 
comprehensive and precise understanding of the physical behavior 
of potential TE material candidates with respect to temperature is 
essential.

In this paper we investigate the thermal expansion coefficient of 
a (M,M’,M”)NiSn (M, M’,M” = Ti, Zr, Hf) series of half-Heusler alloys 
by means of temperature dependent high resolution synchrotron 
radiation X-ray powder diffraction and the relationship of this 
parameter to others such as the Debye temperature, in addition to 
the implications it may have in transport properties.

2. Methods

Polycrystalline samples of hH compounds, with nominal com-
positions TiNiSn, ZrNiSn, HfNiSn, Hf0.5Zr0.5NiSn, Hf0.5Ti0.5NiSn, 
Ti0.5Zr0.5NiSn and Ti0.5Hf0.25Zr0.25NiSn, were prepared by arc melting. 
Elemental precursors (Ni, Sn, Zr – Goodfellow; Hf, Ti – Alpha Aesar, 
purity > 99.5%) were arc melted in the desired stoichiometric ratios. 
To enhance sample homogeneity, the ingots were flipped over 
multiple times and remelted. Subsequently, the ingots were crushed 
to powder, sealed in an evacuated quartz ampoules under Ar 

atmosphere, annealed at 1123 K for one week and eventually ice- 
water quenched.

High resolution synchrotron radiation X-ray powder diffraction 
(SR-XRPD) patterns of the heat-treated samples were collected at 
the ID22 beamline (ESRF, Grenoble, France), at various temperatures 
(300, 450, 600, 675, 750, 825 and 900 K), in the 2θ = 1–66º angular 
range, using a 62 keV energy beam. Wavelength calibration 
(λ = 0.2000 Å) at room temperature was performed using a Silicon 
standard sample. The powder samples were placed in sealed 0.3 mm 
diameter boron-glass capillaries, which were mounted in a goni-
ometer and rotated to improve powder averaging, thereby mini-
mizing texture and preferential orientations. All the collected 
patterns were analyzed using the Rietveld method implemented in 
the Fullprof Suite[26]. A Thomson-Cox-Hastings pseudo-Voigt peak 
shape function was employed to model the Bragg diffraction profiles. 
The quality of the refinement was assessed using the Bragg factor RB, 
which measures the agreement between the refinement and the 
experimental data for each phase.

3. Results and discussion

The high-resolution SR-XRPD patterns of the ternary alloys, col-
lected at room temperature (RT), along with the corresponding 
Rietveld fits are shown in Fig. 1. The observed peaks in all three 
samples can be indexed as Bragg reflections belonging to a majority 
phase (> 90 wt%) with a cubic crystal structure (space group F-43m). 
This major phase corresponds to the expected hH MNiSn phase, with 
slight variations in lattice parameter values depending on the M 
element. Specifically, the lattice parameters are found to be a 
= 5.9291(2) Å for TiNiSn, a = 6.1072(1) Å for ZrNiSn and a = 6.0764(1) 
Å for HfNiSn. These values are in good agreement with previously 
reported data (a = 5.9372 Å, a = 6.11173(2) Å and a = 6.07668(9) Å, for 
M = Ti, Zr and Hf, respectively) [27–29]. The insets in Fig. 1 clearly 
show that the most intense peak corresponds to a single Bragg re-
flection, indicating the presence of single crystalline hH phases in 
these MNiSn alloys.

Fig. 1. Observed (red dots) and calculated (solid black line) room temperature HR SR- 
XRPD patterns of the ternary MniSn (M = (a) Ti, (b) Zr or (c) Hf) half-Heusler alloys. 
The solid blue line below each pattern is the difference between the experimental and 
the calculated data. Bragg reflections of the hH alloys and the secondary phases are 
represented as green vertical lines. The peak corresponding to the (220) Bragg re-
flection is depicted in the inset for each alloy, indicating a single hH phase.
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Table 1 presents the structural parameters and phase percen-
tages for the hH alloys, including the identification of small amounts 
of other minority phases. The lattice parameters follow the trend 
aZrNiSn  >  aHfNiSn  >  aTiNiSn, which is consistent with the larger the 
atomic radii leading to larger parameters, as reported in the litera-
ture [27]. The importance of using an experimental technique such 
as high-resolution XRPD to achieve precise analysis of the crystal 
structure is worth highlighting. In a previous study, the same sam-
ples were measured at room temperature and reported in Ref. [27]
using higher resolution. It is noteworthy that the ZrNiSn alloy ex-
hibited a split in every Bragg peak associated with the hH crystal 
structure, indicating phase segregation. However, this feature was 
not observed in the current study.

In the case of quaternary and quinary alloys, where the M site 
contains two or three atomic species, we observed different sce-
narios regarding the existence of hH phases: 

(i) Zr-Hf-Ni-Sn: A single hH phase was observed, consistent with 
previous findings in the literature [30].

(ii) Ti-Hf-Ni-Sn and Ti-Zr-Hf-Ni-Sn: Two phases were identified, 
indicating phase segregation. This observation is also in agree-
ment with previous reports, which have shown that the addi-
tion of Ti promotes phase separation [31].

(iii) Ti-Zr-Ni-Sn: Four phases were detected, further confirming 
phase segregation in this alloy system.

Minority phases, such as Hf5Sn4 and Sn5Ti6 were also observed 
but their contribution to the overall composition was low ( 3%). 
Interestingly, the experimental procedure used in this study yielded 
a higher percentage of hH phases compared to other reports. The 
detailed composition and abundance of each hH and minority 
phases, obtained through Rietveld refinements, can be found in 
Tables S1 and S2 of the Supplementary Material.

The composition values of the hH phases generally agree well 
with those calculated using Vegard’s rule [32] (using the lattice 
parameters in Table 1), as specified in detail in the Supplementary 
Material. It should be noted that the lattice parameters and phase 
compositions can be determined with high precision through Riet-
veld refinements. For the purpose of this study, we consider the 
phase compositions obtained by Vegard’s law, as depicted in Table 2, 
to be the correct values hereinafter.

The linear CTE, α, was determined for the majority phases pre-
sent in the hH alloys by utilizing Eq. (1). The temperature-dependent 
lattice parameter is shown in Fig. 2 for each phase. The compositions 
for quaternary and quinary alloys were obtained through Rietveld 
refinements (see Table 2). Within the temperature range of the ex-
periments (300–900 K), a linear trend was observed for all the 
phases, allowing for the assumption of constant CTE values (see 

Table 3). For instance, in this study, a value of αZrNiSn= 0.86(1)× 10−5 

K−1 was obtained, which is reasonably consistent with the theore-
tical CTE value of α = 0.78 × 10−5 K−1 [33] for ZrNiSn, determined 
using a quasiharmonic approximation within the density functional 
theory (DFT) and employing a supercell-FDM approach. Compara-
tively, other families of thermoelectric compounds, such as skut-
terudites, clathrates and BiTe have higher CTEs, while oxides 
generally present lower values (with some exceptions) [34].

The thermal expansion of the investigated ternary alloys de-
creases with the atomic mass of the M atom; hence αTiNiSn  >  αZrNiSn   

>  αHfNiSn. From a microscopic point of view, the temperature de-
pendence of bond relaxation, as well as that of the lattice parameter, 
is usually attributed to the anharmonicity of the interatomic po-
tential [35]. In this respect, the CTE is analogous to the temperature- 
dependent specific heat: =T B r C T( ) ( ) ( )V . At high temperatures, B 
(r) can be approximated as constant, leading to a direct pro-
portionality between CTE and specific heat. Notably, both CTE and 
specific heat tend to remain constant at elevated temperatures. On 
the other hand, the Debye temperature is related to several physical 
properties, such as the specific heat and melting temperature. 
Consequently, it is possible to establish a close relationship between 
the CTE and the Debye temperature.

The Debye temperature is indeed connected to the vibrational 
properties of a crystal [36]. In Rietveld refinements, we can account 
for thermal vibrations by fitting the parameter Biso, which corre-
sponds to the atomic displacement parameters (ADPs). In the cubic 
cell, we considered isotropic ADPs ( < Uiso

2  > ), for each atom, as-
suming the same displacements in all directions. ADPs may also 
provide information about the disorder within the crystal structure. 
Rietveld refinement provides the temperature factors Biso for each 
atom, being

= < >B U8iso iso
2 2 (3) 

which considers both the atomic displacement parameters ( < Uiso
2   

> ) and a component related to the static disorder (Bsta) present in 
the alloys [37]. The value of the  <  Uiso

2  >  corresponding to a specific 
compound is determined as the weighted average of  <  Uiso

2  >  for 
each atomic species within each phase. This calculation takes into 
account the obtained composition using Vegard’s law, as explained 
above. Fig. 3 illustrates the experimental isotropic ADPs ( < Uiso

2 > ) 
for the ternary alloys MNiSn (M = Ti, Zr, Hf) as a function of tem-
perature for each composition.

The atomic displacement parameters were analyzed using the 
Debye model for simple crystal structures [38,39], assuming a single 
mass, m, that corresponds to the weighted average mass of every 
atomic species, taking into account the occupancy fractions. Quan-
titative information about the temperature-dependent isotropic 
parameters can be obtained by fitting the experimental  <  Uiso

2  >  to 
the Debye model [40]:

< > = +U
T

mk
T x

e
dx

T
3

1 4iso
B D D

T
x

D2
2

2 0

D

(4) 

where ħ represents the reduced Planck constant, kB is the Boltzmann 
constant, m is the averaged mass, θD is the Debye temperature and T 
is the absolute temperature. The experimental  <  Uiso

2  >  was fitted 
to Eq. (4) allowing us to estimate the Debye temperature. The refined 
values of the Debye temperature are presented in Table 3. The Debye 
temperature generally depends on temperature and can be calcu-
lated using the Thirring-Stern expansions of the quasiharmonic ex-
pression for a thermodynamic function, such as the thermal energy 
Wth

h [41]. In this case, the quasiharmonic Debye temperature for the 
thermal energy W

h can be expressed as:

= +
=

b T ,W
h

n
n

n
1

1 (5) 

Table 1 
Structural parameters (for those phases with abundance > 3 wt%), obtained by 
Rietveld refinement of the HR SR-XRPD patterns, at RT, for the ternary MNiSn hH 
alloys. Detailed information on all phases in each sample is presented in Table S1 of 
the Supplementary Material. 

Sample Phases Space 
group

Abundance (%) Lattice 
parameter (Å)

RB (%)

TiNiSn TiNiSn F-43m 98.2(1.3) 5.9291(2) 4.45
Minority 
phases

1.8(3)

ZrNiSn ZrNiSn F-43m 98.5(1.0) 6.1072(1) 4.45
Minority 
phases

1.5(2)

HfNiSn HfNiSn F-43m 92.0(5) 6.0764(1) 3.99
Hf Fm-3m 3.39(8) 4.5223(2) 19.6
HfNi2Sn Fm-3m 4.44(13) 6.2371(3) 16.3
Minority 
phases

0.21(9)
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where bn are coefficients (see Ref. [41]) and n correspond to the 
characteristic temperatures, associated with the vibrational fre-
quencies of the solid. When the characteristic temperatures reach 
the value of the Debye temperature, the Debye expansion is ob-
tained. However, not only the quasiharmonic term, but also an an-
harmonic contribution should be included. Therefore, the 
temperature-dependent Debye temperature can be calculated as:

= + AT /W W
h

d

d

1
2

2

Wth
h

NkBT

W
h

T

3

(6) 

where the coefficient A can be understood as an anharmonicity 
contribution, subject to the condition <AT| | 1 to ensure its validity. 
ADP values were fitted to Eq. (4), using the T-dependent D obtained 
from Eq. (6), as shown in Fig. 3 for the ternary alloys (and in Fig. S3 in 
the Supplementary Material for the quaternary and quinary com-
positions). The extracted values of the Debye temperature ( 1, 
hereinafter referred to as D) and the anharmonicity parameter, A, 
from these fittings, are provided in Table 3. The dependence of D

and A on the molar mass of the alloys is depicted in the insets of 
Fig. 3. A clear trend is observed, with the anharmonicity parameter, 

Table 2 
Structural parameters, obtained by the Rietveld refinement of the HR SR-XRPD patterns, at RT, for the quaternary and quinary (M,M’,M’’)NiSn hH alloys. Note that the phases 
compositions here were obtained by Vegard’s law. Information on all phases in each sample is presented in Table S2 of the Supplementary Material. 

Sample Phase composition Space group Abundance (%) Lattice parameter (Å) RB (%)

Zr0.5Hf0.5NiSn Zr0.53(3)Hf0.47(2)NiSn F-43m 95(2) 6.0908(1) 5.76
Hf5Sn4 P63/mcm 3.2(2) 8.699(4); 5.911(4) 11.5
Minority phases 1.4(2)

Ti0.5Hf0.5NiSn Ti0.700(13)Hf0.300(13)NiSn F-43m 36.0(1.3) 5.9732(3) 1.88
Ti0.300(6)Hf0.700(6)NiSn F-43m 63(3) 6.0321(1) 1.82
Minority phases 0.68(0.4)

Ti0.5Zr0.5NiSn Ti0.814(15)Zr0.186(15)NiSn F-43m 8.3(6) 5.962(1) 3.77
Ti0.668(5)Zr0.332(5)NiSn F-43m 21.4(9) 5.991(3) 2.90
Ti0.306(6)Zr0.694(6)NiSn F-43m 50.0(8) 6.0548(16) 4.02
Ti0.099(5)Zr0.901(5)NiSn F-43m 20.3(4) 6.0902(4) 4.33
Minority phases 2.1(9)

Ti0.5Zr0.25Hf0.25NiSn Ti0.310(10)Zr0.345(5)Hf0.345(5)NiSn F-43m 68.7(1.0) 6.0409(1) 1.93
Ti0.732(18)Zr0.134(9)Hf0.134(9)NiSn F-43m 29.3(8) 5.9725(2) 2.96
Minority phases 2.0(2)

Fig. 2. Temperature dependence of the lattice parameter for each phase within the 
investigated hH alloys. Lines correspond to linear fittings, from which the linear CTE 
was estimated from Eq. (1). It is worth noting that error bars are on the order of graph 
point size.

Table 3 
Linear CTE for the (M,M’,M’’)NiSn hH alloys, for each phase. In this case, we show the refined composition, obtained by Rietveld refinement of the XRD data (see Tables 1 and 3), as 
the linear CTE behaves differently for each phase. Debye temperatures, θD, and the anharmonicity factor, A, are obtained from fittings of temperature-dependent ADPs to Eq. (3), 
together with the R2 goodness-of-fits. The values of θD are compared to other values reported in the literature. 

Phase composition α (10−5 K−1) θD (K) This study θD (K) Previous studies A (10−7 K−1) R2

TiNiSn 0.983(8) 315(7) 384 [4] 
404.86 [34]

-14(8) 0.99491

ZrNiSn 0.86(1) 312(3) 398 [4] 333.39 [34] -8(2) 0.99966
HfNiSn 0.838(9) 254(6) 348 [4] 

306.32 [34]
9(4) 0.99707

Zr0.53(3)Hf0.47(2)NiSn 0.86(1) 298(9) -6(7) 0.99593
Ti0.300(6)Hf0.700(6)NiSn 0.859(5) 272(4) 334.36 [35] -0.03(8) 0.99938
Ti0.700(13)Hf0.300(13)NiSn 0.871(5) 315(4) -8(3) 0.99993
Ti0.310(1)Zr0.345(1)Hf0.345(1)NiSn 0.909(15) 278(4) 1.5(2.6) 0.99734
Ti0.732(1)Zr0.134(1)Hf0.134(1)NiSn 0.888(12) 311(9) -8(7) 0.99740

Fig. 3. (Left) Temperature dependent isotropic ADPs  <  Uiso
2 >  for the experimental 

and calculated  <  Uiso
2 >  (see text), for the ternary alloys. (Right) Molar mass depen-

dent Debye temperature, θD, and anharmonicity, A, values for the ternary alloys, ob-
tained from the fittings of the experimental  <  Uiso

2 >  values to the Debye analyses, i.e. 
Eq. (3). For the quaternary alloys, the analyses were identical, and the Debye analyses 
(following Eq. (3)) yielded the values of θD and A presented in Table 3. The dashed 
lines are guides for the eyes. Error bars on  <  Uiso

2 >  correspond to propagating errors 
from Biso parameters obtained by Rietveld refinements. θD and A errors were calcu-
lated from propagating errors from the fitting of  <  Uiso

2 >  values to Eq. (4).
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A, decreasing with m1/ , indicating that lighter compounds exhibit 
lower anharmonicity. Additionally, all the values for A are very small 
compared to those found in the literature [40], suggesting the pre-
sence of subtle anharmonic contributions to atomic vibrations.

Indeed, the phenomenon of thermal expansion cannot be fully 
explained by the solely considering the harmonic theory of a crystal 
lattice. An additional anharmonic term must be incorporated to 
account for the thermal expansion in crystals. Experimental tech-
niques can provide valuable information about anharmonicity, in-
cluding the temperature dependence of heat capacity and 
corresponding entropy curves. However, when dealing with pow-
dery samples, obtaining precise measurements of these thermo-
dynamic variables can be challenging. Nevertheless, alternative 
methods such as Raman spectroscopy offer insights into the anhar-
monic phonon behavior. By detecting shifts in the Raman frequency 
of phonons, it is possible to gather information about the effects of 
anharmonicity. Additionally, density functional theory (DFT) calcu-
lations can be employed to calculate the phonon dispersion curves 
and phonon lifetimes, which further contribute to understanding the 
anharmonic behavior in the crystal.

Table 3 and Fig. 4 demonstrate a correlation between θD and the 
thermal expansion α. In most cases, a higher α corresponds to a 
greater θD (the latter corresponding to the lighter compounds, i.e., 
TiNiSn). It is well-established that lower θD values are associated 
with lower the thermal conductivity (κ) [42]. θD can be regarded as a 
limit of lattice stability, enabling electrons to move through the 
lattice planes with minimal scattering due to the low electron- 
phonon coupling. Above θD, scattering increases, resulting in a re-
duction in κ. Recent studies have explored the role of the anhar-
monicity in thermoelectric properties [42]. By combining theory and 
experiment, researchers have revealed how a strong phonon an-
harmonicity can lead to intrinsically low lattice conductivity. This 
finding supports the notion that anharmonicity influences the vi-
brational modes, suppressing phonon thermal transport and pro-
viding insights for the design of efficient thermoelectric materials 
with low [35]. Examples of this are the recent studies on various 
thermoelectric materials, including InTe [34], BiTe-based compounds 
[43], Cu-chalcogenides [44], Mg3(Sb,Bi)2 [45] and oxychalcogenides 
[46]. Indeed, it is reasonable to anticipate that phases with lower 
thermal expansion coefficients, indicating higher anharmonicity, 
would exhibit lower lattice thermal conductivity, which is an ad-
vantage in terms of the efficiency of TE materials, as the figure of 
merit is inversely proportional to κ.

In this regard, we attempt to establish an initial correlation be-
tween thermal conductivity and Debye temperature in the in-
vestigated compositions. This correlation is also compared to other 
families of thermoelectric materials, as shown in Fig. S4 of the 
Supporting information. The reported values of lattice thermal 
conductivity at room temperature further support this idea: 
9.3 W·K−1·m−1 for TiNiSn, 8.8 W·K−1·m−1 for ZrNiSn and 6.7 W·K−1·m−1 

for HfNiSn [47]; hence κHfNiSn  <  κZrNiSn  <  κTiNiSn, which aligns with 
the trend observed in the CTE and the θD. In this respect, it is worth 
noting that, in the search for TE materials with promising properties, 
such as a large thermoelectric figure of merit zT, the focus should be 
on materials with low thermal conductivity, which would exhibit 
large anharmonicity effects, as observed in the current study.

4. Conclusions

From high resolution SR-XRPD experiments on hH (M, M’, M’’) 
NiSn alloys, with M, M’, M’’ = Ti, Zr, Hf, several conclusions can be 
drawn. Firstly, single phases were identified for the ternary and 
quaternary based on Zr and/or Hf alloys, namely ZrNiSn, HfNiSn, and 
(Zr,Hf)NiSn. These alloys exhibit significant anharmonic effects, as 
evidenced by their low linear coefficients of thermal expansion 
(α  <  10−5 K−1) and Debye temperatures (250–320 K). Secondly, for 
the (Ti,Hf)NiSn and (Ti,Zr,Hf)NiSn alloys, two hH phases were ob-
served, with slightly higher linear coefficients of thermal compared 
to the single phases but still below 10−5 K−1. Additionally, the (Ti,Zr) 
NiSn alloy exhibited at least four hH phases. The close correlation 
between the linear coefficient of thermal expansion and the Debye 
temperature in the (Ti,Zr,Hf)NiSn alloys suggests that other proper-
ties, such as thermal conductivity, may also be similarly correlated. 
These findings support the notion that anharmonicity plays a crucial 
role in thermal properties of these alloys and could serve as a key 
parameter in the search for prospective thermoelectric materials. 
However, further in-depth exploration is necessary to fully com-
prehend the physical properties of these alloys.

CRediT authorship contribution statement

C. Echevarria-Bonet: Investigation, Data curation, Writing – 
original draft. J. L. Garrido: Data curation. D. Martinez-Blanco: Data 
curation, Formal analysis. P. Gorria: Writing – review & editing. M. 
H. Sørby: Data curation. M. D. Riktor: Investigation. J. A. Blanco: 
Writing – review & editing. B. C. Hauback: Supervision.

Data Availability

Data will be made available on request.

Declaration of Competing Interest

The authors declare that they have no known competing fi-
nancial interests or personal relationships that could have appeared 
to influence the work reported in this paper.

Acknowledgments

This work was funded by the Research Council of Norway within 
the THELMA project (No. 228854) and Principado de Asturias (IDI/ 
2018/000185 and SV-PA-21-AYUD/2021/51822) projects. The authors 
acknowledge the skillful assistance of the staff at ID22 beamline, at 
ESRF, Grenoble, France and the technical support provided by 
Servicios Científio-Técnicos de la Universidad de Oviedo. The work of 
C. Echevarria-Bonet was partially supported by Banco Santander via 
a mobility grant for professors and researchers from the University 
of Oviedo (2021–2022).

Fig. 4. Debye temperature vs. linear coefficient of thermal expansion for (M,M’,M’’) 
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gating errors from the fitting of  <  Uiso

2 >  values to Eq. (4).
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