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Half-Heusler compounds are promising high-temperature thermoelectric materials due to their high figure
of merit and excellent mechanical properties. The capability of the Heusler structure to accommodate
a large variety of different elements allows for a vast phase space of substitutions and compositions. The
quaternary half-Heuslers (also known as “double half-Heuslers") with X(YO_SY'O_S)Z stoichiometry have
route to lower the

sparked particular interest as a lattice thermal conductivity and enhance

thermoelectric performance. Here, we unveil the pivotal role of intrinsic defects, namely Sb vacancies, in
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naturally occur during synthesis and can switch the conduction behavior from intrinsic n-type to p-type.

DOI: 10.1039/d5ta01437a To control the formation of Sb vacancies, we developed a sophisticated synthesis method, which we
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1 Introduction

The rising global demand for energy, coupled with pressing
environmental challenges, highlights the crucial need for
sustainable and eco-friendly energy sources. Thermoelectric
(TE) materials and devices are interesting for those purposes as
they realize direct conversion of heat into electricity via the
Seebeck effect, which can be leveraged to enhance energy effi-
ciency. From a material science perspective, the conversion
efficiency of a TE device is determined by a dimensionless figure
of merit, defined as zT = o’0T/k, with « being the Seebeck
coefficient, o the electrical conductivity, 7 the absolute
temperature, and « the thermal conductivity, including both
electronic and lattice contributions (k = k¢ + K15¢).* Due to the
correlated and intertwined nature of these transport properties,
enhancing zT poses an outstanding challenge.

Among various semiconducting material families investi-
gated over the past decades, half-Heusler phases, with the
general formula XYZ (F43m space group), represent a large
family of compounds with promising TE properties.>® In
general, their crystal structure and chemical bonding strongly
correlate with the valence electron count (VEC), which
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argue will be crucial for rational design of n- and p-type quaternary half-Heusler thermoelectrics.

determines electronic structure and stability. The Zintl-Klemm
concept helps rationalize the valence electron rule, considering
that the most electropositive X element transfers its electrons to
the more electronegative Y and Z elements, forming d'® and
s”p® closed shell ions, making 18 valence electron half-Heusler
compounds particularly stable semiconductors.* Altering the
valence electron count (VEC = 18) typically disrupts the semi-
conducting ground state, causing the compounds to become
metallic.> Despite significant advancements in 18-electrons
half-Heuslers,*” their high lattice thermal conductivity kg,
remains a major barrier to further improvements in their zT.
To overcome these limitations, Anand et al. proposed that an
increase in structural complexity can be realized by combining
two half-Heusler compounds with VEC = 17 and 19 to obtain an
effective 18 valence electrons per formula unit, X(Yo5Y;;)Z.* To
validate this approach, they compared the widely studied half-
Heusler compound TiCoSb (VEC = 18) with the valence
balanced quaternary half-Heusler alloy Ti(Fe, 5Ni, 5)Sb (VEC =
(17 + 19)/2 = 18) derived from the two parent compounds
TiFeSb (VEC = 17) and TiNiSb (VEC = 19). A twofold reduction
in ko was achieved for Ti(Fe, 5Nig 5)Sb compared to TiCoSb due
to enhanced phonon scattering while a high Seebeck coefficient
and semiconducting ground state were retained. Since then,
such compounds have garnered significant interest in the
community as they open a whole new phase space of potentially
interesting thermoelectric materials. The above-mentioned
approach has often been referred to as “double half-Heuslers”
in the literature. However, as Rogl et al. point out, this
description is not without problems from a structural chemistry
perspective.'® Instead, in this work, we prefer to use the more
general and correct term - quaternary half-Heuslers. Despite the

This journal is © The Royal Society of Chemistry 2025
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growing interest, the properties of these systems, particularly
those reported for isovalent X(Fe, sNi, 5)Sb, where X represents
Ti, Zr, or Hf, vary dramatically (Fig. 1), hindering further prog-
ress in enhancing z7. In their initial study, Anand et al. identi-
fied Ti(Fey 5Nig 5)Sb as a p-type semiconductor with « = 300 uv
K, whereas subsequent studies reported significantly smaller
values (¢ = 120 uvV K ') and even a change of the conduction
type (from p- to n-type) for the samples with the same nominal
composition®**>'*'7 (Fig. 1). Similar ambiguity with respect to
the conduction type exists in the Zr analogue Zr(Fe, sNiy )
Sb. 113

Here, we unveil that the origin of this discrepancy can be
understood by considering the pivotal role of point defects,
such as vacancies and antisites, often encountered in Heusler
compounds.’®*?* Such defects can directly affect the charge
carrier concentration and carrier scattering,>** and their
formation is strongly influenced by the synthesis conditions.****
Arc melting is one of the most common synthesis routes for
Heusler compounds. Precise control of stoichiometry, however,
is a well-known key challenge. In Sb-containing half-Heuslers
and quaternary half-Heuslers, for instance, arc melting
usually involves poorly controlled evaporation of Sb. To
compensate for Sb losses, excess Sb (typically 2 to 10 wt%) may
be added prior to the melt synthesis. However, the chemical
composition is difficult to control precisely and inevitable small
compositional differences, sometimes barely detectable by
conventional analyses, can lead to fundamentally different
transport properties.

In this work, we developed a sophisticated synthesis route to
enable a higher degree of control over the stoichiometry and
elucidate the phase formation mechanism in detail. Conse-
quently, we identify the key experimental knobs to systemati-
cally tune the Sb vacancy formation in X(Fe, sNi, 5)Sb (X = Ti,
Zr, or Hf), and find that, following this careful synthesis
procedure, Ti(Fe, sNi, 5)Sb and Zr(Fe, 5Ni, 5)Sb exhibit intrinsic
n-type conductivity. In contrast, the unavoidable formation of
Sb vacancies in Hf(Fe, sNiy 5)Sb during phase formation makes
it intrinsically p-type. These observations underscore the
importance of precise control over the synthesis conditions to

n-type p-type
Til O } > B |
3 controlable n- to: p-type switching
% 7r o -
o :
L
x :
Hf A E—

-400 -200 0 200 400
Maximum value of the Seebeck coefficient (uV K™

Fig.1 Range of variations in the maximum Seebeck coefficient values
among X(FegsNigs)Sb compounds (X = Ti, Zr, or Hf) reported
previously®** and values obtained in this work (colored symbols).
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tailor the TE performance of quaternary half-Heuslers.
Furthermore, we demonstrate that Ti(Fe,sNiy5)Sb can be
switched from n- to p-type, merely by changing the annealing
conditions. This peculiar ability to switch the conduction type is
particularly advantageous for the design of TE modules, as it
enables the use of a single material for both p- and n-type legs,
thereby mitigating device failures arising from mismatched
thermal expansion coefficients and other compatibility

challenges.

2 Results and discussion
2.1 Phase formation

To minimize Sb losses and improve control over its stoichi-
ometry during the synthesis of X(Fe, 5Ni, 5)Sb (X = Ti, Zr, or Hf),
we initially synthesized the master alloys FeSb, and X,Ni (X =
Ti, Zr, or Hf) and used them as starting materials, as described
in detail in Section 4. To investigate the phase formation
mechanism of X(Fe, sNiy5)Sb, we employed differential scan-
ning calorimetry (DSC), thermogravimetric analysis (TGA),
powder X-ray diffraction (XRD), and energy-dispersive X-ray
spectroscopy (EDX) on two different powder mixtures of FeSb,
and X,Ni. The first one represented a stoichiometric mixture of
FeSb, and X,Ni powders (solid lines in Fig. 2), while the second
mixture represented X(Fe,sNis)Sb (Fig. S1t), obtained via
a solid-state reaction between FeSb, and X,Ni at 1273 K (dashed
lines in Fig. 2).

Upon heating the stoichiometrically mixed FeSb, and X,Ni
master alloys, we observed two endothermic peaks in the DSC
curves for all samples (solid lines in Fig. 2). We attribute the first
peak ("1st”, Fig. 2), observed in the range of 850-1000 K, to the
initial formation of the half-Heusler phase (space group F43m),
as confirmed by the XRD (Fig. S1t). However, EDX analysis
reveals that the majority of the grains within the powder parti-
cles exhibit noticeable deviations in the Fe/Ni ratio, and the
sample contains secondary phases such as XFe,;Sb and
XNi, 5Sb (Fig. S11). The second endothermic peak (“2nd”, Fig. 2)
at the range of 1150-1250 K indicates the reaction between
ternary intermediates formed in the first step and results in
single-phase X(Fe, 5Nig 5)Sb quaternary half-Heusler, as verified
by XRD and EDX analysis of the master alloy mixture annealed
at 1273 K for 5 days (Fig. S17). Overall, according to the DSC/
TGA, XRD, and EDX results, the complete quaternary half-
Heusler phase formation mechanism can be proposed as
follows (see Fig. S1t for more details):

Xle + Fesz ILIOOI?XFCO's_(;Nin_,;Sb + XFC()_5Sb

T>1250 K

+ XN105Sb E— XF60A5Ni0Assb.

According to our data, the minimum temperature required
for the formation of the pristine half-Heusler phase must be at
more than 1250 K, e.g., 1273 K (Fig. 2). However, at this
temperature, all samples exhibited mass loss, which was most
pronounced in Hf(Fe, sNiys)Sb (=0.4 wt%). EDX analysis, in
turn, revealed that a thin metallic layer formed on the walls of
the quartz tube during the solid-state reaction between FeSb,
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Fig. 2 Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) results for X(Feq sNig 5)Sb with X representing (a) Ti, (b) Zr,
and (c) Hf. The upper panels show a mass loss, while the lower panels display heat flow during heating of a stoichiometric mixture of X,Ni (X =Ti,
Zr, Hf) and FeSb, (solid curves) and same mixture after solid-state reaction at 1273 K (dashed curves). The “1st” (=1000 K) and “2nd" (=1250 K)
exothermic peaks correspond to sequential phase formation reactions, while the “dec.” peak at higher temperatures indicates the decompo-
sition. Note that decomposition of Zr(Feg sNig 5)Sb happens at noticeably lower temperature (=1350 K) compared to that of Ti(Feg sNig 5)Sb and
Hf(Feg sNig.s)Sb (=1550 K). Vertical dashed lines represent the temperature at which all the bulk samples were synthesized, sinter and annealed

after SPS.

and X,Ni at 1273 K corresponds to pure Sb. This confirms that
Sb loss is unavoidable even during solid-state reaction and
appears to be the main reason for the variations in the reported
Seebeck coefficient values and conduction behavior of
X(FeysNips)Sb (X = Ti, Zr, Hf) quaternary half-Heusler
compounds (Fig. 1). For example, significant Sb loss in
Hf(FeosNip5)Sb inevitably results in p-type conduction
behavior, while the smaller Sb loss in Ti(Fe, sNiy5)Sb and
Zr(Fey sNiy 5)Sb allows it to retain n-type conduction as will be
shown later. Moreover, since Sb loss increases with tempera-
ture, it should, in principle, be possible to switch the conduc-
tion type of X(FeosNigs)Sb (X = Ti, Zr) by annealing at
temperatures above 1273 K, e.g., 1373 K. However, the decom-
position of Zr(Fe, sNi, 5)Sb occurs at a much lower temperature
(=1350 K) compared to that of Ti(Fe,;Niy5)Sb and Hf(Fe, s-
Nig5)Sb (=1550 K). This hinders the possibility of switching
Zr(Fe 5Nip 5)Sb from n- to p-type solely by processing condi-
tions, unlike in the case of Ti(Fe, 5Niy 5)Sb.

Investigations of decomposition of X(Fe, sNiy 5)Sb samples
after solid-state reaction at 1273 K (as indicated by dashed lines
in Fig. 2) revealed that the Hf- and Zr-based compounds exhibit
minimal mass loss and decomposition temperature remain the
same. In contrast, Ti(FeysNiy;5)Sb shows additional Sb loss
beginning above 1250 K, reaching approximately 0.4 wt% at
1573 K. This feature opens the possibility for additional control
over the Sb content in Ti-based quaternary half-Heuslers,
which, in turn, allows tuning of the conduction type from n-
to p-type, as demonstrated and discussed below.

2.2 Microstructure and elemental composition

The relative density of all samples exceeds 97% of the theoret-
ical density. The average grain sizes for the X(Fe,sNiys)Sb
samples are approximately 13.1 um (X = Ti), 9.4 um (X = Zr),
and 8.7 pum (X = Hf), respectively (Fig. 3b-d). Additional

15270 | J. Mater. Chem. A, 2025, 13, 15268-15277

annealing of Ti(Fe, 5Ni, 5)Sb at 1373 K (Fig. 3a) did not result in
significant changes of the grain size.

The interquartile range obtained by EDX for all constituting
elements of X(Fe, 5Ni, 5)Sb consistently aligns with the nominal
stoichiometry (Fig. 3, right panel). However, as expected,
a slight Sb deficiency was observed in all compositions except
for Zr(Fey sNig.5)Sb. To precisely determine the average chem-
ical composition, we performed ICP-OES analysis, which
confirmed the EDX findings by revealing an actual Sb deficiency
of approximately 0.3-0.4 at% in Ti(Fe, sNig5)Sb and Zr(Fe, s-
Nigs)Sb and =0.9 at% in Hf(Fe,;sNiy5)Sb and annealed
Ti(Fey 5sNig 5)Sb (Fig. 3 and Table S27).

Additionally, the comparison of EDX spectra reveals distin-
guishable variation in the K, line intensities for Fe and Ni across
different grains of each sample (Fig. 3 right panel, Fig. S27).
Although the peaks of the Gaussian distribution for Fe and Ni
align well with the nominal values, the tails of the distributions
exceed 1 at% for all investigated compounds. This suggests that
variations in the Fe/Ni ratio between the grains cannot be
completely ruled out.

2.3 Crystal structure

All obtained samples crystallize in the face-centered cubic
MgAgAs-type half-Heusler crystal structure with the F43m space
group. No secondary phases were detected (Fig. 4a). The lattice
parameter a strongly depends on the X element (X = Ti, Zr or
Hf) at 4a site; a increases when Ti is replaced by Zr, most likely
due to a larger atomic radius of Zr (160 pm) compared to that of
Ti (147 pm) (Fig. 4b). However, replacing Zr (160 pm) with Hf
(159 pm) results in a decrease of a, a trend that cannot be
explained solely by atomic size differences. Interestingly,
a similar trend has also been observed in other XCoSb (X = Ti,
Zr or Hf) half-Heuslers.**

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 SEM micrographs captured in electron channeling contrast
mode and corresponding box plots of elemental composition distri-
bution across different grains estimated from EDX of (a) annealed
Ti(FepsNigs)Sb and (b)—-(d) X(Feg sNigs)Sb (X = Ti, Zr, and Hf) samples,
respectively. The upper parts of box plots demonstrate Fe and Ni
distribution across different grains. Average element composition
obtained from ICP-OES and EDX displayed under each SEM image and
box plot, respectively.

Quaternary half-Heuslers X(Yos5Y,,)Z are commonly
compared with their ternary analogs XYZ with the same VEC =
18.%%2° In the case of X(Fe, sNiy 5)Sb, both the crystal and elec-
tronic structures are expected to resemble those of XCoSb.?
However, a comparison of the lattice parameter of X(Fe, sNij 5)
Sb with values reported in the literature for XCoSb reveals

This journal is © The Royal Society of Chemistry 2025
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significant differences.**** The substitution of Co by an equia-
tomic mixture of Fe and Ni at the Y-site does not yield similar
lattice parameter values to XCoSb, as the majority of reported
a values are noticeably lower. This, instead, may be caused by
differences in chemical bonding® as it has been shown that
covalent interactions in T'TE-type compounds contribute
significantly more to the total energy of the system than
Coulomb interactions for details see ref. 31. Further analysis
reveals that the lattice parameter (Fig. 4b) of Ti(Fe, sNiy 5)Sb (a
=5.91146(3) A) lies between those of TiFeSb (@ = 5.9480 A)*” and
TiNiSb (@ = 5.8903 A).>® This additionally supports the
hypothesis that the investigated quaternary half-Heuslers are
more likely a solid solution of the two ternary half-Heuslers*
rather than a distinct new phase.?

Refinement of the crystal structures for Ti(Fe, 5Niy 5)Sb and
Zr(Fey 5Nig 5)Sb with different site occupancy, based on powder
X-ray diffraction data, indicates that the smallest R-factor is
obtained when the atomic sites 4ayx, 4by, and 4c, are modeled as
fully occupied (Table S3t). However, refinements for Hf(Fe, s-
Ni, 5)Sb reveal increased displacement parameter values for the
Sb position, highlighting the probability of reduced Sb occu-
pancy at this site aligning with EDX/ICP-OES findings. There-
fore, the site occupancy factor (SOF) for Sb was refined to be
0.96. This approach resulted in lower R-factor values and
physically reasonable atomic displacement parameter values
(Table S37), indicating that under controlled synthesis condi-
tions, Sb vacancies in X(Fe, sNi, 5)Sb compounds can be mini-
mized. Nonetheless, the Hf-based quaternary half-Heusler
compound inherently forms with Sb deficiency.

The comparison of diffraction patterns reveals clear differ-
ences between Ti(Fe,sNiy5)Sb and annealed Ti(Fe, 5Nig 5)Sb
(Fig. 4c). For the annealed sample, the peak positions shifted
toward lower diffraction angles, indicating an increase of the
lattice parameter (from 5.91146(3) A to 5.91657(2) A) and the
corresponding intensity ratio (I331 + Ipp,)/I1140 compared to the
non-annealed sample. Rietveld refinement, in turn, yielded
a SOF = 0.95 for annealed Ti(Fe, 5Ni, 5)Sb, revealing Sb vacancy
in this sample. This confirms the feasibility of fine-tuning the
stoichiometry, conduction type, and maximum Seebeck coeffi-
cient value in Ti(Fe, sNiy 5)Sb solely through careful control of
synthesis parameters.

Summarizing, the consistency between the EDX and ICP-
OES-derived chemical compositions and the site occupancies
refined through Rietveld analysis revealed that X(Fe, 5Nig 5)Sb
(X = Ti, Zr, or Hf) quaternary half-Heuslers naturally tend to
form Sb vacancies during synthesis or annealing processes.
However, our developed synthesis route provides a means to
minimize vacancy formation, allowing for a more precise
control over the thermoelectric transport properties.

2.4 Transport properties

In previously published data, Ti(Fe, sNiy 5)Sb was reported as
a p-type semiconductor with o, values ranging from 120 to
300 uv K '.#° Later, the same composition was reported as an n-
type semiconductor with ama = —200 pV K 1.7 Literature
data for Zr(Fe sNiy 5)Sb vary from apa, —15 to 85 uv K~ .12%3 In

J. Mater. Chem. A, 2025, 13, 15268-15277 | 15271
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Fig. 4

(a) Rietveld refinements of X-ray powder diffraction patterns of annealed Ti(Feg sNig s)Sb and X(Feg sNigs)Sb (X = Ti, Zr, Hf) samples,

respectively. Positions of Bragg's reflections for the reference half-Heusler phase (F43m space group) are indicated by black ticks at the bottom.
Experimental data, simulated patterns, and the difference profiles are shown (black, blue, and green, respectively). Corresponding R-factors
values of the refinement can be found in the ESI (Table S31). (b) Calculated lattice parameters for annealed Ti(Feq sNig 5)Sb and X(Feg sNig 5)Sb (X =
Ti, Zr, Hf), compared with reference values for other Sb-based half-Heusler compounds reported in the literature.?*-2® (c) Comparison of relative
intensities in the XRD patterns of Ti(Feg sNig 5)Sb (red) and annealed Ti(Feq sNig 5)Sb (black) samples, highlighting changes attributed to Sb vacancy
formation, as evidenced by the shift in lattice parameter a and variations in peak intensity ratios for (331), (222), and (400) reflections.

our study, the Ti(Fe, 5sNi, 5)Sb and Zr(Fe, 5Ni, 5)Sb samples were
identified as non-degenerate n-type semiconductors, with oy ax
reaching up to —350 uV K™' and —200 uv K ', respectively
(Fig. 5a). To understand these observed deviations, one must
consider the synthesis procedures. In several studies we
reviewed, arc melting was used to prepare X(Fe,sNigs)Sb
samples.*'**»'” Liu et al. used ball-milling® to synthesize
Ti(Fey 5Nig 5)Sb. Both methods inevitably induce defects, due to
uncontrollable Sb evaporation during arc melting and struc-
tural disorder from long-term ball-milling, which complicates
investigations of their intrinsic properties. In the case of
Zr(Fe, 5Nig 5)Sb, uncontrollable synthesis conditions during arc
melting inevitably lead to partial decomposition of the desired
phase and, as a consequence, only modest « values.""?
Hf(Fe, 5Niy 5)Sb and annealed Ti(Fe, 5Ni, 5)Sb samples, with
the highest concentration of Sb vacancies, are identified as non-

15272 | J. Mater. Chem. A, 2025, 13, 15268-15277

degenerate p-type semiconductors, with o, 0of 300 pV K 'and
250 uV K%, respectively. From a VEC perspective, deficiency of
Sb decreases the VEC compared to the nominal 18 electrons per
unit cell in the pristine material, lowering Ey towards the
valence band. The most pronounced realization of this concept
is observed in the Ti(Fe, sNig 5)Sb sample without annealing,
which demonstrates n-type behavior as the chemical composi-
tion closely approximates the nominal one. Formation of Sb
vacancies during annealing reduces the VEC, leading to p-type
conduction behavior in annealed Ti(Fe,sNiy5)Sb. On the
other hand, the formation of Hf(Fe, 5Ni, 5)Sb inherently comes
along with the formation of Sb vacancies that determine its
conduction type. This intrinsic doping mechanism is also re-
flected in the electrical conductivity (Fig. 5b), which increases by
about one to two orders of magnitude in the samples, for which
substantial formation of Sb vacancies was identified. The effect

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Temperature dependence of (a) Seebeck coefficient «, (b)
electrical conductivity ¢, and (c) lattice thermal conductivity x5 of
X(Fep s5Nig 5)Sb samples (X = Ti, Zr, and Hf) and the annealed Ti(Feg 5-
Nig.5)Sb sample, respectively. Both samples, annealed Ti(Feq sNig 5)Sb
and Hf(Feg sNigs)Sb, with evident Sb vacancies demonstrate p-type
conductivity. Solid lines represent the fitting by the modified Debye-
Callaway model,*® dashed line represent ki of Ti(FegsNigs)Sb
synthesized via arc melting from.2 The inset in (c) shows kx(T) in a log—
log scale, highlighting the reduction in k¢ of Ti(FegsNigs)Sb after
annealing at 1373 K due to induced Sb vacancy formation.
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on the thermal conductivity (Fig. 5c), however, is much more
subtle (compare Ti(Fe, sNi5)Sb versus annealed Ti(Fe, sNi )
Sb), suggesting that the effect of the Sb vacancies is especially
dramatic with respect to the electronic transport properties.
To assess whether the sizeable differences in the
temperature-dependent Seebeck coefficient between Zr- and Ti/
Hf-based compounds can be accounted for by differences in the
electronic structure, we performed density functional theory
calculations of the ground state electronic structure. The
unfolded band structures along with the atom-projected partial
and total densities of states are plotted in Fig. 6. It can be seen
that all compounds share a similar semiconducting ground

a)15

—

1.0

0.5

0

E-E: (V)

-0.5

-1.0

E-E: (eV)

! 5|_ r X K T WU TDOS@eV"
Fig. 6 Unfolded electronic band structure and corresponding total
and partial density of states (DOS) for X(Feg sNigs)Sb samples, with X
representing (a) Ti, (b) Zr, and (c) Hf, respectively. The horizontal
dashed lines indicate the Fermi level Ef, formation of Sb vacancies tune
Er from the conduction band to the valence band.
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state with a band gap ranging from 0.8-0.9 eV. Thus, the most
obvious explanation for the change in thermoelectric properties
is the variation of the Fermi level caused by the different
concentration of defects. The shift of the stoichiometry and VEC
due to the formation of Sb vacancies pushes the Fermi level
from the conduction band bottom towards the valence band
top, thus changing the conduction type from n-type to p-type.

All measured X(Fe,;Niy5)Sb samples exhibit a semi-
conducting temperature dependence of o (Fig. 5b), ie., the
electrical conductivity increases with temperature. Similar to
the Seebeck coefficient, a clear difference is observed between
non-defective n-type (Ti- and Zr-based) samples and p-type (Hf-
based and annealed Ti-based) samples with Sb vacancies. Since
only the p-type samples demonstrate an enhancement in g, it
suggests that the presence of Sb vacancies increases hole charge
carrier concentration, thereby improving ¢ at low to mid-range
temperatures. At higher temperatures, where bipolar conduc-
tion becomes significant, both electrons and holes contribute to
charge transport, resulting in similar ¢ values across all
samples. The unusual low-temperature behavior of ¢ will be
discussed in Chapter 2.5.

The lattice thermal conductivity i, (Fig. 5¢) is a dominant
part of total thermal conductivity in all investigated samples
since the k. contribution accounts for less than 3% owing to
relatively low ¢ values. The Debye-Callaway model modified by
Slack® reveals that for X(Fe, sNi, 5)Sb materials (where X = Ti,
Zr, or Hf), normal scattering dominates in the low-temperature
region which is responsible for observed «;,, peak. At elevated
temperatures, Umklapp, point defect, and phonon-electron
scattering processes become dominant due to their high crys-
tallinity, as evidenced in the crystal structure section and also
consistent with a recently published study for other half-
Heusler materials.**** The Hf(Fe,sNiys)Sb and annealed
Ti(Feo 5Niy 5)Sb samples demonstrate noticeably higher contri-
bution from point defect scattering additionally revealing the
presence of Sb vacancies (Table S47).

2.5 Features of low-temperature transport

At low temperatures, «(7) and o(7) decrease rapidly, clearly
indicating a changing scattering mechanism. Notably, attempts
to model the electrical transport using diffusive charge trans-
port (e.g., the two-band model) failed to accurately describe the
low-temperature behavior (Fig. S3t).”” Among the potential
mechanisms considered, the Kondo effect, Mott's variable
range hopping (VRH), and the phonon drag effect emerge as the
most plausible phenomena commonly observed in half-Heusler
compounds.?*?*

Magnetic field-dependent measurements of ¢ and « revealed
no field dependence, ruling out the Kondo effect (see Fig. S47).
Fitting revealed that In(1/¢) proportional to 7~ %> suggests
scattering mechanism similar to VRH (T~ °?°).3® However, the
VRH model failed to explain Seebeck coefficient behavior, as it
predicts « = 0 at 8 K, which is physically inappropriate.
Furthermore, crystal structure analyses revealed that all ob-
tained compounds are well-crystallized and lack significant
atomic disorder, making the presence of VRH unlikely. On the
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other hand, the peak in lattice thermal conductivity (Fig. 5c)
occurs in the temperature range where ¢ and o« exhibit
a noticeable change in slope. This observation suggests that the
temperature dependence of ¢ and « may be influenced by the
phonon drag effect, where the mean free paths of phonons
become comparable to charge carriers, introducing an addi-
tional scattering mechanism below 50 K. In the case of annealed
Ti(Fey 5Nig 5)Sb, most likely that the Sb vacancies shift the Fermi
level into the valence band noticeably increasing holes
concentration (as can be noted from relatively high ¢) minimize
the impact of electron scattering on long-wavelength phonon
resulting in weak ¢ and « temperature dependence. A more
detailed discussion of the phonon drag effect is provided in the
ESL+

3 Conclusions

Summarizing, we revealed that the phase formation process of
quaternary half-Heusler follows two stages, ultimately leading
to the formation of single-phase half-Heusler compounds. We
found that Ti- and Hf-based quaternary half-Heuslers are
particularly sensitive to synthesis temperatures and annealing
above 1250 K, which promotes the formation of Sb vacancies.
The Zr-based compounds hardly form any vacancies but
decompose around 1340 K. Experimentally and theoretically, it
has been established that non-defective X(Fe, sNij 5)Sb mate-
rials are non-degenerate n-type semiconductors. However, the
presence of Sb vacancies in Ti- and Hf-based materials induces
a transition to non-degenerate p-type conduction behavior. Our
work resolves the ambiguity of literature reports on the
conduction type of the compounds and highlights the impor-
tance of preventing Sb vacancy formation for rational design of
n-type quaternary half-Heusler thermoelectrics.

4 Materials and methods
4.1 Synthesis

As starting materials, we used a Ti rod (99.99 mass%), Zr rod
(99.99 mass%), Hf ingot (99.9 mass%, with 1.2 at% of Zr), Fe
ingot (99.995 mass%), Ni ingot (99.99 mass%), and Sb shot
(99.999 mass%), all produced by Rare Metallic Co. (Japan). Due
to the significant difference in the melting points of the
elements, master alloys FeSb, and X,Ni (X = Ti, Zr, or Hf) were
initially synthesized and used as precursors. FeSb, was
prepared by the melting of Fe and Sb in an evacuated carbon-
coated quartz ampule for 24 h at 1323 K. The obtained
product was ground into fine powder inside a glovebox, cold-
pressed, and subsequently sealed in a quartz ampoule for
a second annealing step at 873 K for 7 days, followed by
quenching in cold water. The master alloy X,Ni was prepared by
arc melting under an Ar atmosphere, followed by hand-crushing
inside a glovebox.

X,Ni and FeSb, master alloys were weighed according to the
stoichiometric ratio and subsequently mixed in a stainless-steel
jar in a shaker mill (8000D Mixer/Mill, SPEX SamplePrep, USA)
with a powder/ball ratio of 2:1 for 30 minutes. Afterward, the
resulting powder was cold-pressed, sealed in a quartz tube, and
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annealed for 5 days at 1273 K, followed by quenching in cold
water. The powder, after solid-state reaction, was densified by
spark plasma sintering (Dr Sinter-1080, Fuji-SPS, Japan) in
a J10 mm graphite die under uniaxial pressure of 50 MPa at
1273 K for 10 min, under Ar atmosphere, with a heating rate of
100 K min~". Finally, to homogenize chemical composition and
remove residual stress, all fabricated specimens were annealed
for three days at 1273 K under vacuum and quenched. To
demonstrate the switchability of the Ti(Fe,sNiy5)Sb sample
from n- to p-type, the obtained bulk sample was additionally
annealed for three days at 1373 K following the same procedure.
This synthesis approach enables precise control over the
chemical composition and provides detailed insight into the
phase formation process, a level of control unattainable with
other methods such as arc melting or mechanical alloying.

4.2 Materials characterization

For phase identification, powder X-ray diffraction (XRD) using
a 60/20 Bragg-Brentano diffractometer (SmartLab3, Rigaku
Corporation, Japan) was used. The measurements covered an
angular range from 10° to 130° with a CuKa, radiation source (2
= 1.54056 A), a step width of 0.02°, and a scan speed of 1°
per min. For data evaluation and crystal structure refinement,
the program package WinCSD was employed.*®

The microstructure and elemental composition of the ob-
tained samples were investigated by scanning electron micros-
copy and energy-dispersive X-ray spectroscopy (EDX) using an
ultra-high resolution HRSEM (SU8230 Hitachi, Japan) equip-
ped with an EDX detector (X-Max" Horiba, Japan). The EDX
spectra were collected with an acceleration voltage of 25 keV,
reaching 5 x 10° counts per spectrum. Electron Channeling
Contrast Imaging (ECCI) with a photo-diode BSE detector was
applied to enhance grain structure representation. This method
not only identifies variations in the local average atomic
number but also discerns differences in grain orientation.*

Precise average elemental composition was determined by
inductively coupled plasma-optical emission spectrometry (ICP-
OES) using a 5800 ICP-OES spectrometer (Agilent, USA).
Approximately 10 mg of the crushed bulk sample was decom-
posed in a 100 mL PFA beaker using 10 mL of aqua regia and 1-
3 mL of HF by heating. The cooled residue was filtered (type 5C),
and the filtrate was diluted to 250 mL with Milli-Q water. The
residue and filter paper were ashed in an alumina crucible,
fused with 0.25 g Na,CO; and 0.75 g Na,0,, and the cooled melt
was dissolved in Milli-Q water and 10 mL of HCI (1:1), then
diluted to 100 mL. The filtrate was analyzed by radial viewing
and emission intensity ratio method (20 mg L' Mn:
257.610 nm, on-line addition), while the residue solution was
measured by axial viewing and emission intensity method.

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were performed using a simultaneous ther-
mogravimetry analyzer (449 F1 Jupiter Netzsch, Germany). The
phase formation mechanism was investigated using ~0.1 g of
a stoichiometric mixture of FeSb, and X,Ni (X = Ti, Zr, Hf)
master alloys (dashed curves in Fig. 2) placed in Al,Oj3 crucibles
under a 6N argon stream, with a heating rate of 10 K min™" from
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400 K to 1573 K. To confirm the thermal stability of the samples,
mixtures of FeSb, and X,Ni after solid-state reaction at 1273 K
(solid curves in Fig. 2) were also subjected to the DSC-TGA
analysis in the same conditions.

4.3 Transport properties measurements

Temperature dependencies of the electrical conductivity ¢ and
the Seebeck coefficient « were simultaneously measured along
the radial direction perpendicular to the pressure direction in
the SPS of bar-shaped samples with dimensions of 10 mm X
3 mm x 1.5 mm by the four-probe method in the commercial
set-up ZEM 3 (Advance-Riko, Japan). The temperature depen-
dence of total thermal conductivity « was calculated using the
formula k = x x C, x d, where x is the thermal diffusivity
determined from thermal diffusivity measurements by a laser
flash method (LFA 457 MicroFlash, Netzsch, Germany), C, is the
specific heat capacity estimated using the comparison method
with a standard sample (pyroceram-9606), and d is the bulk
density determined using the Archimedes method. To mini-
mize errors from the emissivity and reflectivity of the material to
infrared radiation, the samples were covered with a thin layer of
graphite. The lattice thermal conductivity (ki) was calculated
through kjoc = & — ke, where k. = ¢LT according to the Wiede-
mann-Franz law, with the Lorenz number derived from the
measured Seebeck coefficient values.*?

Low-temperature g, «, and k were measured using a physical
property measurement system (PPMS, Quantum Design, USA)
from 10 to 300 K under a magnetic field of 7 T and without field.
The magnetic field, electric current, and temperature gradient
were all parallel to each other. Magnetization measurements
were performed from 2 to 300 K using a superconducting
quantum interference device magnetometer (MPMS, Quantum
Design, USA).

4.4 Electronic structure calculations

The supercell DFT calculations for the quaternary half-Heusler
compounds were performed using the Vienna ab initio simu-
lation package (VASP).***® To incorporate the partial substitu-
tion of Fe and Ni atoms at the 4c site, 2 x 2 x 2 supercells
containing 24 atoms were constructed. The calculations were
performed using the Perdew-Burke-Enzerhof generalized
gradient approximation (GGA-PBE) exchange-correlation
functional.*

The crystal structures were relaxed in terms of total volumes
and individual atomic positions, which is crucial for accom-
modating possible local distortions caused by the Fe and Ni
substitution at the 4c site. For structural relaxation, a grid with
a k-point spacing of 0.08 A" was employed to sample the Bril-
louin zone. A finer k-point mesh with a spacing of 0.04 A™* was
used for the self-consistent calculations of the electronic
structure to minimize fluctuations in the density of states. The
partial occupancies for each orbital were determined using the
tetrahedron method with Bloch corrections. The optimal energy
cutoff for the plane-wave basis set was determined through
convergence tests on several supercells to be 450 eV.
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To obtain the band structures of the respective supercells,
the band structures were unfolded using the b4vasp tool.>*-*
b4vasp utilizes robust algorithms in unfolding the band struc-
ture, effectively mapping the complex bands from the supercell
back to the simpler Brillouin zone of the primitive cell. In the
representation of the unfolded band structure, the color
gradient depicts the spectral wave function A(k, E), which
describes the probability density of finding an electron with
a particular crystal momentum k and energy E. The method-
ology follows the principles outlined in ref. 50 and 52.
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