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Abstract
Half-Heusler (HH) alloys are an important class of thermoelectric materials that combine
promising performance with good engineering properties. This manuscript reports a variable
temperature synchrotron x-ray diffraction study of several TiNiSn- and VFeSb-based HH alloys. A
Debye model was found to capture the main trends in thermal expansion and atomic displacement
parameters. The linear thermal expansion coefficient α(T) of the TiNiSn-based samples was found
to be independent of alloying or presence of Cu interstitials with αav = 10.1× 10−6 K−1 between
400 and 848 K. The α(T) of VFeSb and TiNiSn are well-matched, but NbFeSb has a reduced
αav = 8.9× 10−6 K−1, caused by a stiffer lattice structure. This is confirmed by analysis of the
Debye temperatures, which indicate significantly larger bond force constants for all atomic sites in
NbFeSb. This work also reveals substantial amounts of Fe interstitials in VFeSb, whilst these are
absent for NbFeSb. The Fe interstitials are linked to low thermal conductivities, but also reduce the
bandgap and lower the onset of thermal bipolar transport.

1. Introduction

Thermoelectric generators (TEGs) use arrays of n- and p-type semiconductors to convert waste heat into
electricity and are a renewable energy technology that improves fossil fuel utilisation [1]. The efficiency of
TEGs is largely determined by the dimensionless figure-of-merit, ZT of the semiconductors used. This is
given by ZT= (S2/ρκ)T, where S is the Seebeck coefficient, ρ the electrical resistivity and κ the total thermal
conductivity, which is the sum of the lattice (κlat) and electronic thermal conductivities (κel), and T is the
absolute temperature [1]. Successful device operation requires comparable ZT, in the n- and p-types, but
also similar mechanical properties [1, 2]. In particular, the thermal expansion coefficients, α(T) need to be
matched to prevent cracking on temperature cycling [2].

Half-Heusler (HH) alloys are a well-established class of thermoelectric materials that combine good
performance in both n- and p-types, scalable processing, favourable thermal stability and mechanical
properties [3–8]. The HH alloys have XYZ stoichiometry where Z represents a main group metal, either Sn,
Sb or Bi, whilst X and Y are usually transition metals, selected to achieve an 18 valence electron count [9].
The crystal structure consists of a face centred cubic lattice of Z atoms with X in all octahedral sites, whilst
the Y metals occupy half the tetrahedral sites in a checkerboard arrangement [9].

In terms of their thermoelectric properties, HH alloys are characterised by large power factors,
S2/ρ∼ 5–6 mWm−1 K−2 at 800 K, but are limited by high κlat ∼ 10–20 Wm−1 K−1 at 300 K for the
stoichiometric parent materials [10–12]. The relatively large κlat compared to other state-of-the-art
thermoelectrics is linked to high mean velocities of sound, vs = 3000–3500 m s−1 [13, 14], and the absence
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of strong anharmonic bonding, which limits the strength of Umklapp phonon scattering [15–17]. The most
widely used route to reduce κlat is point defect engineering (usually alloying on X and Z sites), with grain size
reduction and phase segregation also exploited [3, 4, 8].

Historically, most attention has focused on n-type XNiSn and p-type XCoSb (X= Ti, Zr, Hf), which have
been investigated since the 1990s, leading to ZT > 1 at 500 ◦C–700 ◦C [18–24]. However, the last decade has
seen the discovery of a range of other good HH compositions, most prominently, p-type X’FeSb (X’= V, Nb,
Ta) [12, 14, 25, 26] and ZrCoBi which support ZT > 1 [13], and n-type X’0.8+xCoSb compositions with
intrinsic X-site vacancies [27–29]. The improvements in materials performance have led to an increasing
number of studies focused on TEG development, which demonstrate promising power outputs and
efficiencies [30–34].

The α(T) of the HH materials has been investigated using dilatometry and diffraction studies. For XNiSn
a substantial body of literature exists (reviewed in [35]), which reveals similar αav = 9.9(2)× 10−6 K−1 and
αav = 10.6(2)× 10−6 K−1 between 300 and 875 K for X= Ti and Zr, whilst X=Hf has a lower
αav = 8.8(1)× 10−6 K−1. Dilatometry data on NbFeSb yielded αav = 9.0(2)× 10−6 K−1 between 300 and
1073 K with no data available for VFeSb [36].

Amongst the HH alloys, TiNiSn and VFeSb, are unique because they support large concentrations of
interstitial metals, leading to metal-rich XYMyZ compositions. In case of TiNiSn, 8%–10% interstitial Ni or
Cu can occupy the vacant tetrahedral site in the crystal structure, affording a promising route to manipulate
κlat and electrical properties [37–45]. Both Ni and Cu strongly suppress κlat, but whilst Ni also reduces the
electron mobility, this does not occur for interstitial Cu, providing an elegant route towards enhancement of
ZT [46]. In the case of VFeSb, interstitial Fe and V/Fe disorder have long been considered to be present
[47–50], but recent work suggests that in addition to Fe interstitials, significant concentrations of vacancies
may occur on the V and Fe sites, leading to a highly disordered crystal structure [51].

Here, we report an investigation into the thermal properties of a range of XNiCuySn (X= Ti or
Ti0.5Zr0.25Hf0.25; y= 0, 0.075 and 0.1) and X’FeSb (X’= V, V0.8Ti0.2 or Nb0.8Ti0.2) HH alloys using
synchrotron x-ray powder diffraction (SXRD). These compositions were chosen to assess the impact of
interstitial Cu and X-site alloying in TiNiSn, and p-type doping using Ti in X’FeSb. Rietveld analysis was
used to extract the lattice and atomic displacement parameters. These were simultaneously fitted to a Debye
model enabling accurate determination of α(T) and vibrational properties of all atomic sites. The α(T) of
the XNiCuySn samples are similar and well-matched to the VFeSb-based HH alloys. However, Nb0.8Ti0.2FeSb
has a∼15% lower α(T), caused by a higher average bond strength. Debye temperatures (θD,i) were extracted
for all atomic sites (i) and reveal systematic trends consistent with changes in atomic mass and bond force
constant. We also present thermoelectric property data for the X’FeSb samples, revealing a low κ(T) for the
X’= V and V0.8Ti0.2 samples, which is linked to the presence of Fe interstitials. Nb0.8Ti0.2FeSb, which
contains no interstitial Fe, has a regular κ(T), indicative of phonon transport limited by Umklapp and
(X-site) point-defect scattering.

2. Experimental

The synthesis and thermoelectric properties of the TiNiSn, TiNiCu0.1Sn and Ti0.5Zr0.25Hf0.25NiCu0.075Sn
samples used in this study were reported previously [45, 46]. Polycrystalline VFeSb, V0.8Ti0.2FeSb and
Nb0.8Ti0.2FeSb samples were prepared using a similar solid-state route. This involves intimate mixing of
stoichiometric amounts of V (−325 mesh, 99.95%), Ti (−325 mesh, 99.999%), Sb (powdered shots,
99.85%), Nb (−325 mesh, 99.999%) (all Alfa Aesar) and Fe (powder,⩾99%, Sigma Aldrich) using a mortar
and pestle. The mixed powders were cold pressed into pellets and wrapped in Ta foil and heated at 800 ◦C or
900 ◦C (V, Nb compositions, respectively) for 24 h inside vacuum sealed quartz tubes. After homogenisation
using mortar and pestle, the samples were cold pressed, wrapped in Ta foil and heated under the same
conditions for a further ten days. Following synthesis, the samples were hot pressed at 800 ◦C or 900 ◦C (V,
Nb compositions) and 80 MPa applied pressure inside graphite dies using a homebuilt hot press. The
densities of the hot-pressed pellets were 93(1)% of the theoretical x-ray density. S and ρ were measured using
a Linseis LSR-3 instrument on bar-shaped specimens cut from the hot-pressed disks. The thermal diffusivity
(D) was measured on hot pressed cylindrical disks using a Linseis LFA instrument. The thermal conductivity
κ= DCpd was calculated by multiplication with the gravimetric density (d) and heat capacity (Cp) obtained
from the literature [12]. A Maxwell–Eucken porosity correction was applied to the measured κ [29].

SXRD data was collected on the I11 beamline at Diamond Light Source, Oxford, UK using five MAC
arms with a total of 45 individual analyser-detector channels [52]. The synchrotron wavelength was
0.49397(1) Å. Heating and cooling was carried out using a Cyberstar hot air blower, with the measurements
carried out in the 300 K–848 K temperature range, using a heating rate of 10 ◦C min−1, with data collected
every 30 ◦C, with a collection time of 2 s/scan. A Pt standard was used as a temperature reference, calculation
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Figure 1. Variable temperature synchrotron x-ray powder diffraction patterns for TiNiSn. Panel (a) illustrates the lattice
expansion and phase stability. Panel (b) confirms the absence of significant peak broadening on heating. Datasets are used as
collected and have been offset with respect to each other.

of the actual temperatures was derived from the refined lattice parameters and literature [53]. Prior to data
collection, all samples were finely ground using mortar and pestle and loaded into thin-walled 0.1 mm
diameter quartz capillaries to minimise x-ray absorption. All data underwent Rietveld refinement using the
GSAS software [54] and EXPGUI interface [55]. Corrections were made for anomalous scattering and x-ray
absorption using the XPrime programme.

3. Results

3.1. HH compositions
Variable temperature SXRD patterns for TiNiSn collected between 295 and 848 K are shown in figure 1,
whilst equivalent plots for the other compositions can be found in figures S1–S5 (available online at
stacks.iop.org/JPENERGY/3/035001/mmedia) in the supplemental information. Inspection after cooling
revealed that for all samples, except for Ti0.5Zr0.25HfNiCuySn, the thin-walled capillaries had broken, leading
to exposure of the fine powders to air. Despite this, all samples show good stability up to 848 K with the
dominant peaks originating from the HH phase. An overview of the fitted unit cell and atomic parameters
and fit statistics at 295 K, 570 K and 848 K is given in tables S1 and S2 in the SI.

The 295 K data were used to determine the experimental compositions of the HH phases. For the
XNiCuySn samples, this confirmed the results of earlier neutron powder diffraction studies [45, 46]. TiNiSn
forms with some excess Ni on the vacant tetrahedral site with a refined TiNi1.036(3)Sn composition.
TiNiCu0.10Sn has an experimental composition of TiNiCu0.087(5)Sn, in good agreement with the
nominal composition, allowing for a small amount of Cu segregation during hot pressing [45]. The
Ti0.5Zr0.25Hf0.25Cu0.075Sn sample could be fitted using a single HH phase, despite the known tendency of Ti
and Zr/Hf to phase segregate [46]. We have previously shown that the presence of Cu leads to improved
mixing of the X-site elements, although traces of segregation remain at micron length scales [46]. The refined
composition of this sample is Ti0.54(1)Zr0.23(1)Hf0.23(1)Cu0.052(4)Sn.

By comparison to XNiSn, there is far less detailed diffraction work on the X’FeSb HH alloys. In addition,
X’FeSb samples in the literature are generally prepared using melt-based routes [25, 26, 56, 57], whereas we
have exploited powder reactions. The VFeSb and doped V0.8Ti0.2FeSb samples were difficult to prepare phase
pure, unlike Nb0.8Ti0.2FeSb (figures S1–S5). This situation is somewhat reminiscent of the difficulty in
obtaining high quality TiNiSn compared to Zr1−xHfxNiSn [40]. The composition for VFeSb was refined to
be VFe1.064(2)Sb, while two HH phases were evident in the Ti substituted sample. Here, the main HH phase
(90 wt%) has V0.8Ti0.2Fe1.035(2)Sb composition, while the minor phase (10 wt%) has a fitted VFe1.068(2)Sb
composition, similar to the VFeSb sample. The observed lattice parameters correlate with the fitted amount
of Fe on the interstitial site (table S2). Note that it is not possible to refine the V/Ti ratio due to their
near identical x-ray scattering strength. By contrast, the fitted composition for Nb0.8Ti0.2FeSb is
Nb0.80(1)Ti0.20(1)Fe1.000(5)Sb, and therefore reveals no evidence for Fe interstitials. We tested for the possibility
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Figure 2. Temperature dependence of (a) the Seebeck coefficient (S), (b) the electrical resistivity (ρ), (c) the power factor (S2/ρ),
(d) the total thermal conductivity (κ), (e) the lattice and bipolar thermal conductivities (κlat + κbi) and (f) figure of merit (ZT)
for the X’FeSb samples.

of vacancies on the V and Fe (Y1) sites in VFeSb, but this did not lead to improvements in the quality of the
fit. The model with only interstitial Fe is therefore the simplest to describe the data and was used throughout.
Trial fits to assess if the HH composition had changed on heating to 848 K showed no evidence for
substantial variations and the 295 K compositions were used in all refinements. Furthermore, there is no
evidence for significant peak broadening of the HH phase upon heating, neither from visual inspection nor
from the refined profile parameters.

3.2. Thermoelectric properties
The measured S(T), ρ(T) and κ(T) of the X’FeSb samples are shown in figure 2, together with the calculated
power factor, S2/ρ, sum of the lattice and bipolar thermal conductivity (κlat + κbi) and figure of merit, ZT.
For completeness, the ZT values for the XNiCuySn samples are ZT = 0.35 (TiNiSn), ZT = 0.55 (TiNiCu0.1Sn)
and ZT = 0.5 for (Ti0.5Zr0.25Hf0.25NiCu0.075Sn; all at 773 K) [45, 46]. The last two compositions correspond
to the solubility limit of Cu, with optimal ZT = 0.6/0.8 observed at lower Cu content.

4



J. Phys. Energy 3 (2021) 035001 D A Ferluccio et al

3.2.1. Electronic properties
The VFeSb sample shows n-type behaviour and has a metal-like ρ(T), indicative of extrinsic doping
(figures 2(a) and (b)), consistent with literature results [50, 51]. The S(T) has a maximum at 450 K, signalling
the onset of minority carrier (intrinsic) conduction. This is reflected in S2/ρ, which is 1.4 mWm−1 K−2 at
400 K, gradually decreasing to 0.5 mWm−1 K−2 at 710 K (figure 2(c)). The general behaviour of S2/ρ is
similar to the literature [50, 51], but its magnitude is 2–3 times smaller due to a larger ρ(T). The V0.8Ti0.2FeSb
sample has positive S(T) values, confirming the successful substitution of Ti and p-type doping (figure 2(a)).
The maximum in S(T) is increased to 590 K, consistent with carrier doping. The onset of intrinsic
conduction is also evident in ρ(T) which has a downturn above∼600 K. Both VFeSb samples therefore show
significant intrinsic conduction above 450 K–590 K. This is consistent with the small bandgap, Eg ∼ 0.35 eV,
which is further reduced when interstitial Fe is present [51]. The p-type Nb0.8Ti0.2FeSb sample has by far the
best thermoelectric properties, due to much lower ρ(T) values (figure 2(b)). This supports a promising
S2/ρ= 3.5 mWm−1 K−2 at 345 K, with the increasing ρ causing a reduction to S2/ρ= 1.8 mWm−1 K−2 at
710 K (figure 2(c)). Compared to the literature, S2/ρ at 345 K is similar (c.f.∼4.5 mWm−1 K−2) [12], but
much lower at 710 K, where literature values∼5.5 mWm−1 K−2 have been reported [12]. This discrepancy
is caused by a reduced S(T): our data saturates at+100 µV K−1 (figure 2(a)), whereas literature samples
show linear increases (e.g. to+175 µV K−1 at 723 K) [12]. This difference cannot be attributed to thermal
excitation across the bandgap as neither ρ(T) nor κ(T) shows evidence for intrinsic electronic transport.

3.2.2. Thermal transport
The κ(T) and κlat(T)+ κbi(T) for the X’FeSb samples are shown in figures 2(d) and ( e). Here, κlat + κbi was
calculated by subtracting the electronic thermal conductivity, κel = LT/ρ from κ(T). Here, L is the Lorenz
number, which was obtained from S(T) following [58]. The κlat + κbi for the VFeSb samples is characterised
by a shallow minimum at 450 K–550 K (figure 2(e)). Above this temperature, intrinsic conduction leads to a
rapidly increasing bi = ATe−Eg/kBT. Here A is a pre-factor, kB is Boltzmann’s constant and the Arrhenius term
reflects the intrinsic electrical conduction [59]. The κlat + κbi is near identical to published data on ‘defective’
VFeSb [51], but different from the∼T−n dependence (n∼ 0.7) observed for ‘defect-free’ VFeSb [50]. The
latter has κlat ∼11 Wm−1 K−1 at 350 K [50], compared to much lower values∼5.5 W m−1 K−1 for our
samples and the ‘defective’ literature sample [51]. The κlat for Nb0.8Ti0.2FeSb (figure 2(e)) is consistent with
literature data [12] and has a fitted exponent, n= 0.5, consistent with point-defect phonon scattering [60].
(note that n= 1 signals Umklapp scattering dominated thermal transport and is indicative of a defect-free
material). There is no evidence for a substantial κbi, which is consistent with the observed electrical
transport. The overall conclusion is that whilst the Fe interstitials in VFeSb strongly reduce κlat, they also
cause a reduction in Eg, leading to detrimental κbi at low temperatures. By contrast, the larger Eg = 0.5 eV
[61], and the absence of Fe interstitials mean no intrinsic conduction and κbi are observed for NbFeSb.

3.2.3. Figure of merit
The ZT(T) for the X’FeSb samples are shown in figure 2(f). VFeSb and V0.8Ti0.2FeSb have comparable peak
ZT = 0.1 at 470 K and at 660 K, with the increase in temperature reflecting the different onset of intrinsic
conduction. This is about three times lower than literature ZT values [50, 51], which is attributable to the
large ρ(T) for our samples. The absence of bipolar transport means that ZT(T) for Nb0.8Ti0.2FeSb gradually
increases to ZT = 0.2 at 773 K. This is lower than literature values (ZT ∼ 0.7 at 773 K) [12], with the deficit
caused by the lower S(T) for our sample. Finally, we note that the thermal expansion and atomic parameters
discussed in this manuscript are derived using Rietveld analysis of diffraction data and do not depend on
control of the microstructure, which is vital in extracting high ZT values.

3.3. Variable temperature SXRD data
The temperature dependence of the lattice parameters (a) and thermal displacement parameters (U iso) of the
XNiCuySn and X’FeSb samples are given in figures 3 and 4, respectively. These data were fitted
simultaneously to a Debye model using the following expressions [62, 63]:

a(T) = a0 + b

 Tˆ

0

9R

(
T

θD

)3

dt

θD
Tˆ

0

x4ex

(ex − 1)2
dx

 (1)

Uiso,i (T) =
3h2T

mikBθ2D,i

 T

θD,i

θD,i/Tˆ

0

x

exp(x)− 1
dx+

θD,i
4T

+σ2
i . (2)
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Figure 3. Temperature dependence of the lattice parameters (a), normalised lattice parameters (a/a295K) and thermal expansion
coefficients (α) for (a)–(c) the XNiSn and (d)–(f) the X’FeSb samples. The solid lines through a(T) are the Debye fit as described
in the text.

Here a0 is the lattice parameter at 0 K, b is a scaling constant, R is the ideal gas constant, θD (θDi) is the
average (atomic site) Debye temperature, h is Plank’s constant,mi is the Debye oscillator mass, kB is
Boltzmann’s constant and σi

2 is the displacement correlation function. The index (i) refers to the individual
crystallographic sites (X, Y or Z positions) or to the average of the sites. In these fits, the average U iso and
a(T) were fitted simultaneously. A summary of the obtained θD, σ2, a0 and b values is given in table 1.
High-temperature U iso fitting has been widely applied to thermoelectric materials and is found to yield
reliable estimates of the Debye temperature [64]. The simultaneous fitting of the lattice parameter is less
common but improves the accuracy of the result. The thermal expansion was calculated from a(T) using:

α(T) =
1

a(T)

da(T)

dT
. (3)

3.3.1. Thermal expansion
The a(T) of the XNiCuySn samples have a similar appearance with only minor differences in magnitude
(figure 3(a)). This near identical behaviour is confirmed by the normalised lattice parameters (a/a295 K) and
α(T) in figures 3(b) and (c) that nearly coincide. The lattice expands by∼0.6% upon heating to 848 K with
an average αav = 10.1(3)× 10−6 K−1 for all samples between 400 K and 848 K (table 1). These values are in
near perfect agreement with published αav values for the XNiSn system [35].

By contrast, the X’FeSb samples show more divergent behaviour with a/a295 K increasing by∼0.6% for
the VFeSb-based samples, while Nb0.8Ti0.2FeSb expands by only∼0.5% up to 848 K (figure 3(e)). This
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Figure 4. Temperature dependence of the atomic displacement parameters (U iso) for (a) TiNiSn, (b) TiNiCu0.1Sn,
(c) Ti0.5Zr0.25Hf0.25NiCu0.075Sn, (e) VFeSb, (f) V0.8Ti0.2FeSb (g) Nb0.8Ti0.2FeSb. Panels (d) and (h) show the average U iso(T)
for the XNiSn and X’FeSb samples, respectively. The solid lines are Debye fits as described in the text.

sensitivity to X-site composition is reflected in αav which is 10.3× 10−6 K−1 for VFeSb, 11.2× 10−6 K−1 for
V0.8Ti0.2FeSb, whilst Nb0.8Ti0.2FeSb has a lower αav = 8.9× 10−6 K−1 (table 1). The latter is in very good
agreement with the reported αav = 9.0(2)× 10−6 K−1 for unsubstituted NbFeSb [36].

3.3.2. Atomic displacement parameters
The U iso(T) for the XNiCuySn samples have similar magnitude except for the Ti0.5Zr0.25Hf0.25 site
(figures 4(a)–(c)), which has a slightly lower mean squared displacement, perhaps reflecting the segregated
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nature of the X-metals. The similar U iso(T) reflects the highly connected nature of the HH structure. The θDi

for the individual sites and the average θD obtained from the simultaneous fit of the average U iso(T) and a(T)
are given in table 1. This reveals a modest reduction from θD = 339(2) K (X= Ti, y= 0) to θD = 324(2) K
(X= Ti, y= 0.1) to θD = 306(2) K (X= Ti0.5Zr0.25Hf0.25; y= 0.075), reflecting changes in bond strength and
average atomic mass discussed below. Static disorder (σ2 > 0) is only observed for the phase segregated
Ti0.5Zr0.25Hf0.25NiCu0.1Sn composition, and interestingly affects the Sn-site strongest, whilst the X-site itself
shows no residual disorder. The TiNiSn and TiNiCu0.075Sn samples have σ2 = 0 for all sites, indicating that
incorporation of interstitial Ni/Cu does not lead to large amounts of residual disorder. The U iso(T) for the
X’FeSb samples are also comparable (figures 4(e)–(g)), again evidencing the connected nature of the crystal
structure. The individual θDi and the average θD are given in table 1. This reveals similar θD = 348(2) K
(X’= V), θD = 331(2) K (X’= V0.8Ti0.2) and θD = 341(2) K (X’= Nb0.8Ti0.2). This contrasts with the XNiSn
samples, where a decreasing trend was observed upon introduction of Cu interstitials and alloying with
heavier elements on the X-site. The two-phase V0.8Ti0.2FeSb sample is the only composition that shows
significant residual disorder, again largely affecting the main group (Sb) sublattice (table 1). By contrast,
Nb0.8Ti0.2FeSb is single phase with good statistical mixing of Nb and Ti and has σ2 = 0 for all sites (figure S5,
table 1). This suggests that the observation of static residual disorder reflects poor atomic mixing on lattice
sites and is linked to phase segregation.

Force constants: θD is proportional to the highest (cut-off) frequency (ωD) in the Debye model,
kBθD = ℏωD. Hence, θD ∝

√
k/m where k is the bond force constant andm the mass of the oscillator. The

similar θD ∼ 340 K for the X’FeSb samples, reveals similar k for VFeSb and V0.8Ti0.2FeSb. By contrast,
Nb0.8Ti0.2FeSb with its larger averagem, has an increased k to maintain a similar θD. The presence of a more
rigid crystal structure is consistent with the reduced α(T) (figure 3(f)). The lower θD = 305 K for
Ti0.5Zr0.25Hf0.25NiCu0.1Sn (compared to 340 K for TiNiSn) is almost completely explained by the 17%
increase in averagem. This suggests that the XNiSn compositions have similar k values, which is evident in
the similar α(T) in figure 3(c). Phonon calculations support this conclusion with the changes in band
dispersion in the XNiSn (Ti, Zr, Hf) system largely explained by increasing average mass [65]. The n- and
p-type samples therefore present an intriguing difference; for XNiSn the k are similar, independent of X-site
composition and notably also of interstitial metals, whereas the X-metal has a strong influence on k for the
X’FeSb compositions.

The trends of θDi for the individual atomic sites is summarised in figure 5. This shows a plot of θDi
(∝1/m) versus θDi√m (∝k), which affords a visual way to separate the impact of increasingm and k. This
analysis reveals clear trends, where sites with similarm are grouped together on diagonal lines. For example,
the X-site elements Ti and V fall on a straight line with V on average further towards the right, indicating a
larger k. Similar trends are observed for Fe/Ni on the Y site and Sn/Sb on the Z-site, with Fe and Sb typically
appearing further towards the right. As expected, the θDi for NbFeSb extend out furthest towards the right,
signalling a large k for all sites in the crystal structure.

Velocity of sound: The θD values can be used to obtain the velocity of sound using: vs = θD (kB/ℏ)(
6π2n

)−(1/3)
, where n is the number density of atoms. The calculated vs are given in table 1 and decrease

from 2950 m s−1 (X= Ti; y= 0) to 2670 m s−1 (X= Ti0.5Zr0.25Hf0.25; y= 0.075) and are similar for the
X’FeSb samples with an average value vs = 2920(80) m s−1. As expected, these trends directly follow the
trends in θD. Compared to direct ultrasound measurements, the vs values from the Debye model are
somewhat suppressed. Table S3 gives an overview of reported longitudinal (vL) and transverse (vT) sound
velocities, their average (vm) and the calculated θD (using vm) for a range of HH compounds. Compared to
these data, the θD and vs values obtained from fitting U iso(T) and a(T) are∼15% reduced. For example, for
TiNiSn and Nb0.8Ti0.2FeSb, we find θD = 340(2) K, whilst the value from ultrasound measurements is
∼390 K. This discrepancy is larger than expected from the uncertainty in temperature and sample
absorption. Our earlier neutron powder diffraction study, where sample absorption is much reduced yielded
θD = 367(2) K for TiNiSn and θD = 317(2) K for Ti0.5Hf0.5NiSn [41].

3.3.3. Thermal conductivity
Within the kinematic approximation κlat = (1/3)CvvslMFP, where Cv = 3nkB is the constant volume heat
capacity (T > θD) and lMFP the phonon mean-free path. This equation ignores the frequency dependence of
the vibrational spectrum and of the different phonon scattering mechanisms, e.g. point defects, boundary
and Umklapp scattering, that limit lMFP [60]. Nevertheless, this first approximation is useful for comparing
general trends. The calculated lMFP decrease from 3.2 nm for Nb0.8Ti0.2FeSb to 2.2 nm for VFe1.06Sb and
V0.8Ti0.2Fe1.04Sb, reflecting the lower κlat for the VFeSb samples, since vs does not change substantially
(table 1). The lMFP for the XNiCuySn samples decreases from 2.5 nm (TiNi0.04Sn) to 1.9 nm (TiNiCu0.09Sn)
to 1.2 nm (Ti0.5Zr0.25Hf0.25NiCu0.05Sn) as the concentration of interstitials and X-site alloying increases
(table 1). TiNiSn without Ni interstitials has lMFP = 5 nm (κlat ∼ 12 Wm−1 K−1 at 350 K) [44], whilst VFeSb
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m enabling separation of the impact of atomic mass and force constant on the Debye

temperature for the studied HH materials.

with a regular κlat(T) discussed above has lMFP = 4.4 nm [50]. Both TiNiSn and VFeSb therefore show a
∼50% reduction in lMFP when 4%–6% Ni/Cu/Fe interstitials are introduced, demonstrating a similar impact
in both materials systems. The X-site substitutions are also a significant contributor: for XNiSn, alloying with
heavy elements (Zr/Hf) leads to a substantial reduction to lMFP = 1.2 nm. The identical lMFP for VFe1.06Sb
and V0.8Ti0.2Fe1.04Sb suggests that Ti substitution contributes significantly towards reducing lMFP, despite the
similar mass and size of V/Ti. Unsubstituted NbFeSb has lMFP = 7 nm (κlat ∼ 17 Wm−1 K−1 at 350 K) [12],
which is reduced to 3.2 nm upon introduction of 20% Ti, confirming the strong impact of X-site disorder.
We note that other phonon scattering contributions have been invoked for NbFeSb, including
electron-phonon scattering [12], and recently scattering resulting from lamellar boundary interfaces [66].

4. Discussion

The simultaneous fitting of lattice and atomic displacement parameters has not been widely explored but
affords new insight into the lattice dynamics of the HH alloys. In terms of the thermal expansion, the most
striking result is the reduced α(T) for Nb0.8Ti0.2FeSb compared to VFeSb. Our analysis shows that this is
caused by a larger average bond force constant, i.e. a more rigid lattice structure. This is consistent with
literature bulk modulus (B) data. Table S3 lists the B values calculated from velocity of sound measurements
for a range of HH alloys. For XNiSn: B∼ 125 GPa; for XCoSb: B∼ 135 GPa, whilst a larger B∼ 155 GPa is
found for NbFeSb. This increased B value is consistent with the lower α(T) for Nb0.8Ti0.2FeSb found here
from diffraction data. Amongst the HH alloys, NbFeSb therefore appears to be somewhat of an outlier with a
large bulk modulus (B) and low thermal expansion (α).

For device applications, matching VFeSb with XNiSn is preferable because of the similar α(T). However,
in terms of TE performance, much better performance is observed in NbFeSb. This may be related to the
absence of interstitial metals, which reduce charge carrier mobilities in the better studied XNiSn system
[41, 42], and cause the early onset of bipolar transport. On the other hand, the Fe interstitials are effective at
reducing κlat, so further work exploring the balance between a low κlat, reducing performance degrading κbi

and optimising S2/ρ is warranted. The samples reported here can be improved further through process
optimisation. In particular, for the VFeSb based samples, ρ(T) needs to be reduced, whilst for NbFeSb, the
degradation of the high-temperature S(T) needs to be addressed. Both require the sample quality to be
improved, including elimination of impurity phases and of porosity in the hot-pressed ingots.

To conclude, this synchrotron x-ray diffraction study provides new insight into the thermal properties of
TiNiSn- and VFeSb-based HH alloys. In particular, VFeSb and TiNiSn are well matched in terms of thermal
expansion and are both characterised by interstitial metals. Control of the Fe interstitials may significantly
enhance the performance of p-type VFeSb. Amongst the highly studied HH alloys, NbFeSb is characterised
by a large bulk modulus and low thermal expansion coefficient.
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