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ABSTRACT. This investigation demonstrates the effect of partial substitutions of Nb by
refractory Ta on the microstructure and thermoelectric properties-ddpt#fd NbFeSb materials.

All the synthesized samples show a heavily doped semiconducting character with the electrical
conductivity higher than 3500''cm'* at 326 K. Furthermore, the samples containing Ta display
consistently lower (~ 10%13%) thermal conductivity of ~ 7 W'HK'* at 350 K compared to a
value of ~ 8 W mTK'! at the same temperature for the rsostituted sample. The vivid impact

of Ta substitutions on reducing the lattice thermal conductivity of NbFeSb based materials is
chiefly due to the lattice disorder omgiting from the mass difference between Ta and Nb atoms,
resulting in ~ 28% reduction in lattice thermal conductivity of hug ;,3Hfo 12Ta 157€Sb sample

at 350 K compared to the neabstituted sample. The results of our Mdl3bauer spectroscopy
measuremestexclude the possibility of mixed Fe occupancies. Although magnetic properties
were not strongly modified by the Ta substitutidfiyy sHfo 12T @ 0F€Sb shows a magnetic
phase transition at ~ 150 K, which is not observeNbgsgHfo 107eSb.This could becaused by
extrinsic defects and microstructure induced by Ta addition. All samples exhibit a similar
maximum dimensionless figure of merit vala@;,,, of ~ 0.75 at 800 K, which is comparable to

the high efficiency materials previously reported in thystem and makes them potential

candidates tbe utilized agp-type legs in halHeusler based thermoelectric generators (TEG).

1. Introduction

Considering the destructive influence of climate change on our ecosystem; there is a
tremendous need failechnologies that can minimize the consumption of fossil fuels, thus

reducing CQ emission. Since a considerable amount of energy produced by fossil fuels in



industry is lost as waste heat, it is crucial to be able to retrieve as much waste epegpids.

Almost all industrial processes require electricity for operations; therefore, converting waste heat
into electricity is among the best possible scenarios. In that theme, thermoelectric (TE) materials
are invaluable due to their unique charastars of converting heat directly into electricity. To
utilize these materials in waste heat recovery for statibnamg nomstationary industrial
applications, both high thermal and chanical stability as well as high efficiency are requited.

> To assess the efficiency of a thermoelectric material, its figure of mestysed, and typically

is defined in its dimensionless forz, which can be calculated through =< {i (3pnt )5 T,
whereS, 8 ,. and T depict Seebeck coefficient, electrical conductivity, lattice thermal

conductivity, electronic thermal conductivity, and absolute temperature, respettively.

Half-Heusler materials are quite wdhown for their mechanicabnd thermdl stability
for medium temperature range applications up to 1000 Knfgpe materialsXNiSn (X = Ti,
Zr, Hf) based compounds are among the most promising candidates, demonsigfinyalue
above unity at high temperatuf®2 700 K)>'° For p-type materials, Sn dopeCoSb K = Ti,
Zr, Hf) solid solutions exhibit high performance with zd,.x value of around unity at
temperatures higher than 1000™#? with the exception of ~ 1.3 at 900 K for the
TiosHfo5COSR 155y g5 material It should be noted that thed,,, of ~ 1.3 was achieved using
the experimental specific heat value which was lower tharDiieng-Petit approximation-?
Among thep-type compounds, NbFeSb based Hdusler materials have attracted substantial
attention in recent years. NbFeSb follows the 18 electron rule (Mdd{s Fe (4°3d°), Sb
(5’5p%)), thus depicting nodegeneratesemiconducting behavior in an undoped statéhe
undoped compound has a lattice parameter of ~ 5.85'Aand is stable at high temperature

concernig the decomposition under exclusion of air, with little tolerance toward off



stoichiometric variation. NbFeSb mainly shows an intripstgpe behavior with a fairly narrow
indirect band gap of ~ 0.54 €¥!° A previous study by Fu et al. showed that hole doping with

Hf on the Nb site could simultaneously enhance the electrical conductivity and reduce the
thermal conductivity resulting in a maximum figure of mezifyay, Of ~ 1.5 at 1200 Kdr the

Nbo sdHfo.107eSb compoun® Furthermore, introducing Ta to Tidoped samplés led to
lowering the thermal conductivity without significantly affecting the electrical properties,
leadingto a record highzTyhax value of ~ 1.6 at 1200 K for the (M&lap.4)osTioFeSb {
Nbo.4sT a0 32Tip FeSb) sampleThe positive effect of Ta substitution on Nb site in reducing the
lattice thermal conductivity and maintaining the carrier mobility coadiglly be attributed to

the lanthanide contraction effeét

't i s worth to 8k atHeuslbrlphase & deteoted infihiélsyiStem due
to its low chemical stabilitf>** Therefore, no fulHeusler/halfHeusler composite is expected to
form here in case of excess iron. For the synthesis of NbFeSb based compounds, so far the
typical arc melting® or levitation melting' process proceeded by a milling or annealing step
were employed. Since all the melting techniques require high temperature (typically > 1900 K)
and Sb possesses high vapor pressure at elevated temperatures, controlling the amount of Sb to

compensate the loss can be challenging.

Although Ta showed a positiveffect on the thermoelectric properties ofdbped
NbFeSb samples, to the best of authorsdo knowl
doped samplesdigh energy ball milling of constituent elements proven to be a reliable synthesis
method fo high efficiency halfHeusler compoundsuch as ZrCoBf and TaFeSH. Therefore
in this study, we utilize a facile synthesis route with direct high energy milling of the constituent

elements followed by a sintering step toasbthigh purity compacted haeusler samples. The



melting step is eliminated to prevent Sb loss. The effects of Ta substitution on microstructure and

transport properties of the Hdibped samples are examined.
2. Experimental section

The Ny ggHforsTaFeSb (0 O x O 0.15) samples were
(99.9%, Evochem, 7#@80 um), Hf powder (99.6%, Alfa Aesaf325 mesh), Ta powder (99.9%,
ChemPur, <100 um), Fe powder (99.998%, Alfa Aes22, mesh), and Sb powder (99.999%,

Alfa Aesar,-200 meh). The elemental powders were mixed in the stoichiometric ratio, and the
mixture was then ball milled for ~ 12 hours employing a fegkrgy SPEX Sample Prep 8000D
Mixer Mill with stainless steel jars and balls. The mechanically milled powder was dintere
partial argon atmosphere at 1123 K for 20 minutes under a uniaxial pressure of ~ 64 MPa
utilising a DirectCurrent Sintering Press (Dr. Fritsch GmbH, DSP 510 SE). The pellets were
passively cooled down, while the pressure was released during thegcsip to mitigate the

strain and stress induced by the sintering process.

The electronic structures were computed utilizing the WIEN2k package applying the full
potential linearized augmented plane wave-(APW) method with the density functional
theory (DFT).28% The generalized gradient approximation (GGA) from a revised form of
Perdew, Burke and Ernzerhof (PB®)namely PBEsof! was utilized for the exchange and
correlation energies. ThBoltzTraP code was used to determine the semiclassical transport
parameters, which employs the Boltzmann transport theory with constant relaxation time
approximatiort? Spin-orbit coupling was included for the elements of period 6, namely Hf and
Ta. Different supercells were created to enable calculations of the doped samples, and all lattice

parameters were obtainedavvolume optimization. To investigate the effect of the Hf



concentration, we created models of the formulaH{iee;Sh, (Nbo 7sHfo 25FeSb, space group
P4, 3m with a = 6.007 A) and NiHfFesShs (Nbg s74Hfo.14-€Sbh, space group4, 2m with a =

11.272 A andc = 22.545 A). The impact of a small substitution of Ta for Nb was investigated
with the NHfTaFgShs model (NI 75Hfo 125T20.129-€Sh, space grOLRA,_Zm with a=11.230 A

andc = 22.545 A). For the selfonsistent calculations of the first cubic model, 35 indeperident
points were selected on a grid of 10 x 10 x 10 points spread out evenly throughout the Brillouin
zone. For the two larger tetragonal cells, 63 indepenrdeaints were selected on a grid of 12 x

12 x 6 points. The energy convergence was set to h&yor the seliconsistency.

A D8 Advanced Bruker Xay diffractometer with CiKy jradiation was employed to
verify the purity of the synthesized samplesray diffraction patterns on the sintered pellets
were shown inFigure S1 The electrical conductivity 3f and Seebeck coefficientS)(
measurements were performed on the sintered pellets (15.5 mm in diameter and ~ 3 mm in
thickness). The measurements were camdunder helium atmosphere from 300 K to 800 K
using an irhouse developed facility (High Temperature Seekfigkna Measurement

Instrument) applying a forprobe method®3*

Thermal diffusivity () measurement on the samples was performed in the same
temperature range under Ar flow using the laser flash Netzsch LFA 427 apparatus. To obtain the
thermal conductivity &), 8 = U} c,, the measured diffusivity values were multiplied by the
density () of the pellets, which measured through the Archimedes principle in ethanol, and the
specific heatd,) of the compounds, as calculated employing the Dufeiif approximation. To
analye the microstructure of the compacted pellets, scanning electron microscopy (SEM)

analysis was carried out on parts of pellets utilizing an ULTRA 55 electron microscope with a



Zeiss QBSE detector associated with an Oxford energy dispersiag ¢EDX) devce, EDAX

PentaFETX3.

>’Fe conversion electron MéRbauer spectroscopy (CEMS) at perpendicular incidence of
the gamma rays onto the sample pellet surface was performed by detection of conversion
electrons. For the detection of the electrons, the samples wstialled in a containewith
continuous helium gas flow mixed with 4% Ho avoid ionization processes. For the
measurement, a constant acceleration M6Rbauer driving unit was employed{@th source
embedded in a rhodium (Rh) matrix, while the eéhp of the spectrometer was calibrated with
an alphaFe foil reference sample at room temperature. Mol3bauer spectra on powder samples
were recorded in transmission geometry usiffC@ gamma ray source mounted on a MéRbauer
drive, operating in consta@atceleration mode. All the obtained experimental spectra were
evaluated by a leastuares fitting routine using the Pi program package by Ulrich von H&sten
with the spectra being referenced against alphat room temperature. Low temperatures were
achieved by the use of a liquid helium bath cryostat. For magnetic measurements, field and
temperature dependermagnetization curves were recorded with the vibrating sample

magnetometer (VSM) option of a Quantum Design PPMS DynaCool.

3. Results and Discussion

The density of states (DOS) were calculated for the models ¢k7¥bo1.9-€Sb,
Nbo.7sHfo.125T a0 1297€D, and N ;Hfp~eSb. Replacing Nb with Hf removes one valence
electron per replaced atom, making these matquidisped semiconductors, i.e., the Fermi level

(Ep) falls slightly below the top of the valence band in each daggie 1). Thus, the model



with the highest Hf content (0.25 per formula ukigure 1c) exhibits the most unfilled states

and hence highegi-type charge carrier concentration. On the other hand, replacing Nb with
isovalent Ta has almost no impact on the shdpkeovalence band & (Figure la vs.Figure

1b). This is due to the facts that Nb and Ta have very similar electronic properties, and that the
valence band is dominated by-&@and Sbp states, with only minor contributions frox= Nb,

Hf, and Ta becae of covalent mixing via th¥i Fe andXi Sb interactions, as also pointed out

before by other§’

Figure 1 here

The electrical transport properties of sdmples were measured in at least one heating
and cooling cycle to assure the stability and reproducibility of the presented data. The electrical
conductivity of all samples decreases with increasing temperature (with a treffd"9f mainly
due to chege carrier scattering by acoustic phonoRggre 2). A reduction in electrical
conductivity is observed by introducing Ta to the system (flien5100Y ' ‘cm * for the Tafree
sample to ~ 390 '‘cm'! at ~ 326 K for the sample with at-% Ta on Nb sit§, which is
slightly stronger than the one observed in ()0 sTiosFeSb samples (from ~ 6600' 'cm'*
to ~ 5500Y "lcm'! at ~ 300 K with x varying from 0 to 0.4).To be sure about the validity of
the results the secondbggsHfo 12TagesFeSbsample was pressed and measured applying the
same condition and the obtained results were within the error range of the meas(fFegnen
S2). Considering the isovalent nature of Nb and Ta as well as their similar atomic sizes and

chemical properties, the induced electric potential fluctuation by Ta is expected to be negligible.



Since the carrier concentration should remain the same (same Hf content), ideallyJontbes
mobility changes, the electrical conductivity would remain the same, as also seen via BoltzTrap
calculation: the calculated/U curves of the NggsHfo1.d€Sb and NgysHfo 105 a0 124€Sh
models are virtually identicaF{gure 2b). Moreover Uis not expected to change with Nb and Ta
having virtually the same sizes (~ 146 pm). It should be noted that we are piditéginstu i

Er(0 K), because the 0 Kefmi energie€r of these materials are different despite having the

same number of valence electrons.

Figure 2 here

To better understand the observed decay in electrical conductivity, the microstructures of
the samples were studied using SEM/EDX. Alilo high homogeneity was observed on the
SEM mapping of the samples on larger scale, e.g., in caseyefNb..Ta 1FeSb at a scale of ~
25 um (Figure S3), further line scan investigations revealed the existence of-ricthalf
Heusler phase in NdHfo10/eSb sampleRigure 3a) as well as most likely binary hafnium
antimonides at the grain boundaries in case of Ta containing samples such as
Nbo sHfo.12Tago~eSb and NgyHfo12Ta 157€eSb Figure 3b and 3c). Specifically, the region
with approximately 45 at% Hf and 55 at% Sb could be a mixture of metallic HfSénd HfSb
(noting that H{Shy is a hightemperature phase that should decompose below 1060°K).
While neither of these compounds was identified viea)X powder diffraction because of their
low concentrations, the microstructure sésdreveal that the more ¥ah samples are less

homogenous. It should be noted that the binary hafnium antimonide phases are fhetallic.



Figure 3 here

Simultaneously losing the dopant Hf, together with gaining metallic hafnium antimonides
at the grain boundariespuld compensate theharge carrier concentratidossfor the samples
containing higherTa content Thesemicrostructure phases carot only impact the carrier
mobility but alsoact as carrier donors and scattering centers depending on their sizes (e.g., as
was observed in nanaclusions), which can have significant contributions to materials

transport propeties such as in NiyHfo 12T ag osF€Sh.

The Seebeck coefficient of all samples is displayedrFigure 4a; except for the
Nbo sHfo.1Ta0.0F-€Sb sample, they all exhibit a similar Seebeck value ofev7&'* at 300 K,
which gradually increases with elevated temperature reaching €\ #'* at 800 K.The
existence of metallic (e.g., full Heusler) phasdepending on the size andconcentration,
demonstrated positive impact on Seebeck coefficiaitTig1Zro NiST° and Zg o3Hfo 7NiSN™
half-Heusler basethateriab. In our case however, considering the low electrical conductivity of
Nbo.sHfo.12Tan o-€Sb compared to the other compositipribe loss of Hf as dopant which
caused carrier concentration fluctuatmyuld also be responsible for tlubtainedarge Seebeck
values The Boltzmann transport calculations reveal that introducing Ta should have insignificant
effects on the Seebeck coefficiefigure 4b). Specifically, both calculated models with 12.5
at-% Hf on theX sites, Nl g7Hfo 1247€Shb and NgsHfo 16T a0 124€Sb, exhibit ~ 6@V K'" at
300 K atEg, while the one with 25 af6 Hf, i.e., formally twice as many charge carriers, has

only ~ 45¢V K'! at 300 K atEr.

1C



Figure 4 here

The temperature dependent thermal conductivity values of all samples are shown in
Figure 5a. All the Ta containing samples demonstrate consistently lower (by -1038%6)
thermal conductivity in the whole investigated temperature range, varying from ~ 70KM m
at 350 K to ~ 4.5 W MK'! at 800 K. To unravel the effect of Ta on the lattice thermal
conductivity, the lattice part of thermal conductivigy, was deducted from the total thermal
conductivity,s, by subtracting the electronic contributidiigure 5a), 8, which was calculated

utilizing the Wiedemanirranz law,s. = L A 0 AoTobtaing,, the Lorenz numberl, was
calculated at various temperatures through employing the equatiop® A @p 22 4

whereSis in eV K'* andL in 108 V?K'2. The accuracy of obtaindd values is within 5% for

single parabolic bandSPB)acoustic phonon scattering and within 20% for more complex
scattering mechanisms, such as #panabolic Kane bands, and multiple bandée lattice
thermal conductivity Eigure 5b) decreases with increasing the Ta content, reaching a minimum
value of ~ 3.6 W MK at 350 K, which is ~ 28% lower than that of the sample without Ta.
This reduction in thermal conductivity is partially attributedthe large point defect scattering
caused by Ta substitution, which increases mass fluctuation. The calculation of the disorder
parameter| (Figure 5c) shows that total disordqr. increases with increasing Ta content
indicating a stronger point defiescattering at higher Ta content. Since the atomic radii of Ta and
Nb are quite similar, there is no significant additional strain field fluctugtianduced by Ta

substitution; thus thes remains unchanged for all the samples. Consequently, theasecne
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1 total IS Mainly ascribed to the intense mass fluctuation leading to the increase in mass disorder

42

L m.

The strong point defect scattering at higher temperature is consistent with the linear
dependence dd, versusT? (Figure $4). Typically, the phonons can be scattered via different
mechanisms such as point defects, Umklapp process (piptiomon interaction), boundary
scattering, and electrgshonon interactions. To estimate the contribution of each mechanism,
the phown relaxation time is calculated at different frequenciggufe 5d). The calculation
details are available in the supplementary information, and 400 K is chosen for the temperature
since all the vibration modes have been excited considering the Deloyesrfoy as the
maximum phonon frequenéy.As can beseen, phonons with higher frequencies are mainly
targeted by Umklapp and point defect scattering, whereas elgtomon and boundary
scattering becomes more dominant at low frequencies, which is typically the predictét'tase.

It is worth to mention that for the calculation of boundary scattering, an average valuguof 1.5

was used for the grain size based on the SEM and particle size analysis, whereas in reality, the
grain sizes vary within the sample; thus the calculated value here is overestimated due to the
presence of larger grains. The lattice thermal conductivibyegaare still substantially larger

than the theoretical minimum valuemin, (~<0.9 W M'K') obt ai ned fr¥m Cahi
indicating the possibility of further reduction in thermal conductivitynipriove the efficiency

for these compounds.

Figure 5 here
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To shed more light on the electronic behavior o MNHfo 12T 0FeSb sample compared
with the nonsubstituted sample, conversion electron MoRR3bauer spectroscopy was performed on
the NiygdHfo10FeSb and NsHfo12TagosFeSh pellets at room temperatufggre 6), each
showing a single peak with rather minute differences between the two samples, clearly indicating
that there is no magnetic ordering present at room temperature. This behavdarasvia of Fe
atoms occupying exclusively one site as it has also been found in the simHeehalér system
of VFeSb*’ The only deviation from a pure singlet state was momshoulder (marked by an
arrow), which can be somewhat alleviated using a doublet fit function with a very small
quadrupole splitting (0.16 mmi’s- 0.20 mm §"). This could be a general indicator for the
presence of a small number of Fe atoms on diffel&ttice sites. The occupation of Fe next
neighbor sites with different elements could give rise to a small electric field gradient at the Fe
nucleus position, which is responsible for this minor doublet splitting, and not visible to the
naked eye due t being smaller than the absorption line width. A slight increase in linewidth
can also be caused by minor structural disorders. However, both samples showed nearly identical
behavior, indicating that the Ta substitution does not significantly altéutidemental magnetic
properties. To further investigate these properties, spectra were recorded on sample powder,
obtained by crushing a small piece of the original pellet. These measurements were performed in
transmission geometry at 4.3 K (below commairi€ or Néel temperature) to ensure that any
potentially magnetic phase is in its ordered state. However, the spectra revealed only single
peaks, not pointing to any kind of magnetic ordering of the Fe ions. At room temperature, a
satisfactory fit could bebtained by a doublet with a very small quadrupole splitting in the range

of 0.14 mm & - 0.19 mm &

13



Figure 6 here

Additionally, a standard magnetometry characterization on the same powders was
performed Figure S5). Although the samples seem to show mostly paramagnetic behavior in the
M(H) curves, there is a very small spontaneous magnetization clearly visible at Boguke (

S5a). When comparing these findings to the MéRbauer results, it is obvious that thissigot

coming from the dominant Heearing phase of the sample and must thus have different origins.

It is possible that a minor parasitic-bearing phase is present, in the range of less thars, at.
which would still be within the background noisktbe otherwise strong singlet spectra. The
result of the temperature dependbi{il) measurement{gure S5b) also showed a clear phase
transition at ~ 150 K in the Ta doped sample compared to thelomed one, which might be

due to extrinsic defects inded by Ta into the system. No corresponding change in spectral
structure was visible when comparing room and low temperature Mol3bauer spectra, supporting
the notion that the observed magnetic properties are not dictated by the domibhaatrife

phase ofthe halfHeusler. This could also be indicative for the formation of a minute parasitic
phase, possibly a different Heusler phase, as the magnetization shows a spontaneous but very

small drop upon exceeding 150 K, possibly indicating a-éirder phase ansition.

Figure 7 shows the temperature dependence of the dimensionless figure ofzifdat,
all samples up to 800 K. All samples demonstrate a quite similar figure of merit of ~ 0.15 at 300
K which enhances with increasing temperature to arounda®.860 K, and is comparable with
the NhygosTa0.105Tio.JFeSb sample reported by Yu et al. which show&df ~ 1.5 at 1200 K*

Consequently, higheaT values are expected at higher temperature in the cases presented here, as

14



the values continue to increase during the whole measurement temperature range (300 K to 800
K). To further enhance the figure of merit, other approasheb as fulHeusler inclusions (with
different compounds such as NbREe due to the instability of NbFR&b) or hierarchical
structural engineering could be beneficial to affect the thermal conductivity without impacting

the electronic transport properties

Figure 7 here

4. Conclusions

In summary, we present a thorough study on microstructure, electronic and thermal transport
properties as well as some preliminary results on magnetic properties of the Nb
xHfo12TaxFeSb haHHeusler thermoelectric materials. All the samples were successfully
synthesized employing the facile high energy ball milling synthesis technique proceeded by
direct current sintering. All samples exhibited reproducible and thermally stablertm®pe
within the measured temperature range. Although introducing Ta decreased the electrical
conductivity, all samples demonstrated the degenerate semiconducting character with the
electrical conductivity higher than 3500 'cm'* at 326 K. Apart from thélbg s4Hfo 15Ta0.0€Sb
sample with the maximum Seebeck coefficient of £884K'! at 800 K, all other compositions
exhibit similar Seebeck values of around Ek2K'! at the same temperature. Microstructure
study via SEM/EDX showed that the detrimental ictpaf Ta on the electronic transport

properties could be attributed to the formation ofridh and metallic hafnium antimonide

15



phases. A clear trend on the reduction of lattice thermal conductivity was observed for the Ta
containing samples proving the nedicial effects of Ta substitution. The lattice thermal
conductivity of all samples decreased with increasing Ta content mainly due to the mass
fluctuation disorder coming from the substitution of heavy Ta atoms, leading to ~ 28% reduction
in 3. at 350 Kfor the material containing 15 & Ta on Nb sites. The NbHfo.12Ta.0F€Sb

sample showed a magnetic phase transition at ~ 150 K, which might be due to extrinsic defects
induced by Ta substitution. The magnetic properties were not strongly alterelde byat
substitutions, with the dominant feearing Heusler phase remaining paramagnetic down to low
temperatures, while macroscopic magnetometry measurements revealed a small spontaneous
magnetization, possibly indicating a very minute parasitic phasewelosegr the microstructure.

All in all, the dimensionless figure of mer#], is quite similar for all samples reaching a value

of ~ 0.75 at 800 K due to the compensating effect of Ta substitution on the thermal and electrical
transport properties. This fefiency is analogous to that of Blépslap.192Ti0FeSb sample

reported by Yu et & that reached ~ 1.5 at 1200 K.
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Figure captions

Figure 1. Densty of states of §) the N g73Hfo.128€Sb model; k) the NIy 75Hf 125T @ 12F€Sb

model; and €) the NIy ;3Hfo 25FeSb model.

Figure 2. (a) Electrical conductivity of the NjgsxHfo.oTaaF e Sb (0 O x O B). 15) s

calculated electrical condudity over relaxation time(] against chemical potential at 300 K.

Figure 3. SEM images and line scan analyses ofrieth regions and hafnium antimonide
compounds at the grain boundaries observed)itNby sgHfo 17eSb, H) Nby gHfo.12Tag os-€SD,

and €) Nbg 73Hfo.12Ta0 19-€Sb samples.

Figure 4. (a) Seebeck coefficient of the Bk Hfp1sTaFe Sb (0 O x O ®). 15) s

calculated Seebeck coefficient against chemical potential at 300 K.

Figure 5. (@) Thermal conductivity (solid symbols), elemic part of thermal conductivity (open

symbols); b) lattice thermal conductivity of the NeexHfo1.TaF e Sb (0 O x © 0. 15)
the calculated disorder parametefor NbygsxHfo1oTaaF e Sb (0 O x O O04ml5) s a
and | s are mass andtrain field fluctuations, respectively, ang@a is their sum {iota1 = {m +

19;*® and ¢) phonon relaxation time against frequency at 400 K fop MHfo 15T a0 157eSb

sample.

Figure 6. MoRbauer spectroscopy results for the oMHfp1FeSb (blue) and
Nbg sHfo.12T a0 0€Sb (red) samples aiom temperature (left) and 4.3 K (right), reproduced via

a doublet of absorption lines, appearing as a single line due to the small quadrupole splitting.
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Figure 7. Temperature dependent dimensionless figure of merit of theshfo.TaaF e Sb (0 O
x 00L5) samples, compared with the N§Tap10:Tio FeSb sample (star symbol) reported by

Yu et al?!
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Figure 3. SEM images and line scan analyses ofrieth regions and hafnium antimonide
compounds at the grain boundaries observed)itNBy sgHfo 17eSb, b) Nby sHfo 12Tag osF€Sh,

and €) Nbp 74Hfo12Ta 157€Sb samples.
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sample.
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Figure 6. MoRbauer spectroscopy results for the odMHfp17eSb (blue) and
Nbo.sHfo.12Tap os-€Sh (red) samples at room temperature (left) and 4.3 K (right), reproduced via

a doublet of absorption lines, appearing as a single line due to the small quadrupole splitting.
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Figure 7. Temperature dependent dimensionless figure of merit of thgshfo1.Ta,F e Sb (0 O
X O 0.15) sampl es geslaanpresbesample (startsymbol) eepoited by

Yu et al??
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