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Abstract

XYZ-type intermetallic compounds exhibit a wide range of intriguing thermophysical properties.
Here, we explore the low-temperature thermotransport behavior of a TiNiSi-type intermetallic alloy
HfNiGe. The compound was synthesized using a high-temperature arc melting technique from high-
purity elements, followed by annealing, pulverizing, and hot-pressing. The x-ray diffraction analysis
reveals the presence of an orthorhombic phase belonging to space group pnma. The compound
exhibits low electrical resistivity (p), increasing from 1 m{2-cm to 2.5 m{2-cm with temperature,
characteristic of metallic behavior. The thermopower () values indicate an n-type system. It increases
with temperature up to 150 K, reaching a maximum of ~ —11 pV-K ', before declining. The power
factor (o*/ p) attains its highest value of ~8 yW-m ™~ '-K 2 at 186 K, while the maximum figure-of-
merit (zT) of ~5 x 10~ *is observed at 207 K. Magnetic measurements suggest the presence of short-
range ferromagnetic interactions with relatively high coercivity at room temperature. The
temperature-dependent magnetic susceptibility (), measured under an external field of 50 Oe to 5
kOe, indicates Pauli paramagnetism along with the presence of paramagnetic impurities.

1. Introduction

XYZ-type intermetallic ternary alloys exhibit a wide diversity of physical and electronic properties, ranging from
half-metallic ferromagnetic [1, 2], superconductivity [3, 4], and topological insulating [ 5-7] behavior to
spintronics and thermoelectricity [8—11]. In the chemical formula XYZ, X represents the most electropositive
and tipically transition metal or rare earth element, Z is the most electronegative and belongs to the main group
elementand Y is a transition metal [12, 13]. Many sub-groups belong to this type intermetallic alloys such as
cubic half-Heusler phase (F4-3m) [14, 15], zincblende structure (F d -m 3) [16], ordered Fe,P structure (P -6 2
m) [17] and TiNiSi type orthorhombic phase (pnma) [18]. Among them, the cubic half-Heusler phase with
valence electron count (VEC) of 18 is a narrow band semiconductor with a band gap between ~0.1-0.5 eV. They
also shows a high effective mass of charge carrier exhibiting high thermo-power [19-21]. Therefore, they have
attracted significant attention for their good thermoelectric (TE) performance, often showing very high power
factor values. However, while half-Heusler compounds exhibit a high power factor, they also show a high
thermal conductivity which limits their resultant TE performance [22—24]. The TE efficiency of a material is
defined by the dimensionless figure-of-merit zT = S%0/k, where S, o, and k are the Seebeck coefficient, electrical
conductivity and the thermal conductivity respectively and S*o is called power factor [25]. The thermal
conductivity (k = k. + ki), comprises of k. the electronic contribution and k; the lattice contributions.
Therefore, to achieve a high zT, a TE material should have low thermal conductivity and a high power factor.
Given that conventional half-Heusler alloys exhibit both high power factors and high thermal conductivities,
this present study focuses on the HfNiGe alloy with a disordered atomic arrangement, which results in low

© 2025 The Author(s). Published by IOP Publishing Ltd
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thermal conductivity [26]. In the TiNiSi-type orthorhombic structure of H{NiGe, all elements (Hf, Ni, or Ge)
occupy 4c (x,/4, z) positions with the same y (1/4) but different x and z without overlapping each other.
Furthermore, it is found that multifunctional magnetic properties are also displayed by XYZ-type intermetallic
alloy, especially by cubic half-Heusler phase. They transit between nonmagnetic to ferromagnetic behavior
depending on the number of valence electron present in the compound. According to ‘The Slater-Pauling rule’,
ahalf-Heusler alloy with valence electron count (VEC) n,, shows a magnetic moment (1) = n,, —18 [27]. Hence
half-Heusler compound with n, > 18 would show ferromagnetic behavior and with n, = 18 would show a
nonmagnetic behavior. This present work investigates the magnetic and thermoelectric properties of TiNiSi-
type orthorhombic HfNiGe with n, = 18. The study aims to comprehend the interplay between atomic
disorder, thermal conductivity, and magnetism in the HfNiGe compound.

2. Experimental methods

2.1. Materials

Hafnium powder (Particle size 45 micron, purity 95.+%, Sigma-Aldrich), nickel powder (powder, <50 pm,
99.7% trace metals basis, Sigma-Aldrich), Germanium powder (chips, 99.999% trace metals basis, Sigma-
Aldrich)

2.2. Preparation of the HINiGe compound

TiNiSi-type orthorhombic compound HfNiGe was prepared using high-purity elements, Ti, Ni, and Ge by
high-temperature arc melting in an Ar gas environment. First, the elements were weighed in a stoichiometric
ratio to prepare a 5 gingot. To avoid material loss during melting, the weighed elements were cold-pressed into a
dense disc before arc melting. The solid disc was then placed in a water-cooled copper crucible and melted using
an arc electrode. To achieve uniformity, the ingot of HINiGe was flipped and melted multiple times. Further, to
homogenize and remove the impurities present in the compound, the prepared ingot was annealed for 6 days at
1000 K in a vacuum-sealed quartz tube. The annealed ingot was pulverized into powder and consolidated into a
disc using the hot-press technique under a pressure of 60 MPa for 2 hat 1273 K.

2.3. Characterization of the prepared HfNiGe compound

The consolidated disc was cut into a rectangular bar to measure the Seebeck coefficient (S), electrical resistivity
(p), specific heat capacity (Cp), and thermal conductivity () using a physical properties measurement system
(PPMS) (Quantum Design) in the temperature range 2 K to 350 K. The remaining pieces of the annealed ingot
were ground to make powder to study low-temperature magnetic properties in the temperature range 2 K to 300
K using a magnetic properties measurement system (MPMS), (Quantum Design SQUID magnetometer) in a
magnetic field ranging from 0 to 20 kOe. The phase formation and crystallographic structure of the compound
were analyzed by x-ray diffraction (XRD) technique on a PAN analytic x-ray analytical instrument with Cu Ko 1
radiation. Elemental and microstructural analyses were done by energy-dispersive x-ray Spectroscopy (EDS)
and field emission scanning electron microscopy respectively. High-resolution micrograph and SAED pattern
analysis were done using High-Resolution Transmission Electron Microscopy (HRTEM).

3. Results and discussion

3.1. Phase and microstructural analysis of the HINiGe compound

Phase identification and crystallographic structural analysis were performed using x-ray diffraction technique.
x-ray diffraction pattern along with Rietveld refinement of HINiGe compund is shown in figure 1(a) [28]. It
indicates that the compound is mostly a single-phase system with a small fraction of impurity phase. The XRD
pattern of HINiGe compound is found to be an orthorhombic TiNiSi type structure belonging to space group
Pnma. The lattice parameters of the compound determined from Rietveld refinement are, a = 6.41 10\, b=3.81
Aandc=7.20A respectively. The crystal structure and Fourier map along the [001] direction of the
orthorhombic HfNiGe phase, are shown in figures 1(b) and (c).

A rectangular bar sample was used for chemical composition and microstructural analys using a scanning
electron microscope. SEM image of polished surface and fracture surface of the HINiGe compound are shown in
figures 2(a)—(c) respectively. The SEM images indicates the formation of large grain. The EDS analysis was also
performed to know the stoichiometric ratio of the elements in the compound. The result shows that the
elements (Hf, Ni, Ge) present in the compound are almost equiatomic, it is found that Hf:Ni:

Ge = 34.46:32.59:32.95 in at. %. High-resolution micrographs and SAED pattern of the compound is shown in
figures 2(d)—(f). The TEM analysis indicates a polycrystalline system. The d-spacing of the lattice planes
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Figure 1. (a) Rietveld refinement results and XRD pattern for the orthorhombic HfNiGe phase at room temperature. (b) the crystal
structure of the HfNiGe phase. (c) The Fourier map for electron density distributions of the atoms, Hf, Niand Ge along [001]
direction.
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Figure 2. (a) & (b) SEM images of polished surface of the HfNiGe bar. (c) SEM image of fracture surface of the compound. (d)
TEMimage, (¢) HR-TEM micrograph and (f) SAED pattern of the compound HfNiGe.

calculated from the micrograph, which is found to be~0.25 nm. The estimated d-spacingis corresponding to the
plane [210] which is also consistent with the XRD pattern.

3.2. Thermo-transport properties of the HfNiGe compound

Electrical transport parameters of the alloy have been determined using a Hall measurement system at room
temperature. Carrier concentrations (ng), Hall mobility (p4;), and the electrical resistivity (p) are found to be
1.81 x 10*°cm?,14.2cm®* V™~ 's ™!, and 2.43 mQ-cm respectively. All low-temperature transport and
thermoelectric properties of the compound are studied in the temperature range of 2 K to 350 K and the results
are shown in figure 3. The specific heat capacity (C,) increases with increasing temperature and reaches a
maximum value of~0.23 Jg~'K ' and it becomes constant. The temperature-dependent C, can be modeled
using the equation; C, = YT + (BT where yand 3are the Sommerfeld coefficient corresponds to electronic
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Figure 3. Temperature dependent (a) specific heat capacity C,, (b) C, /T and (c) thermal conductivity & of the HINiGe compound.
The variation of (d) Seebeck coefficient cv, (e) electrical resistivity p and (f) power factor and figure of merit of the HfNiGe alloy.

1.5 gy ———— =
(a) D o.4-
5000 Oe E
- 1t ) % vz
1 o =
c
O o5} { 2 °F
S £-0.2] o
1 T T T T T s :
o g :
E sk 1000ed £ S
s 0.6 r Magnetic field H, Oe
mq, 4 % -10000 -sﬂm - \2_ o ?)uuo 1000
! - = agnetic fie , Oe
o L\ 500 p—r v - - v . v
-
x 0 v v ; v v o ©, ~o-He |02
L . O 400 I - Mr =
= 6F " ) 2
50 Ce Iano A S
e i % ‘ rum8
2k 1 E i L0.02 @
* 3
T T T T T 1 8100' 3 . =
0 50 100 150 200 250 300 © | ° e W
0

Temperature T, K 0 50 100 150 200 250 300

Temperature T, K

Figure 4. (a) The temperature dependent magnetic susceptibility x of the HINiGe compound for three different magnetic fields 50 Oe,
100 Oe and 5000 Oe. (b) Magnetic field dependent magnetization of the compound at 2 K, 30 K, 100 K and 300 K. (c) The variation of
coercive field and remanence of the compound with temperature.

contribution and a coefficient corresponds to Debye-like phonon contribution respectively. The temperature
C
coefficients yand B are determined from the linearly fitting parameters of TpvsT2 plotatalow-temperature

limit and it is found that y~0 and 3= 1.55 x 10 *Jmole 'K (cffigure 3(b)). The Debye temperature (6},) has
kB n

D

compound respectively, and it is found that (6p) ~232 K. Rapid increase in thermal conductivity  with

been calculated via 3 = 234 wherenand p,, are the number density of atoms and the density of the
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increasing temperature is found at T < 100 K before reaching a maximum value of ~2.5 Wm ™ 'K~ beyond
100 K and then it remains constant even at room temperature (cf figure 3(c)). The  is a considerably very low
value for XYZ type intermetallic alloys like half-Heusler alloys.

The thermopower (o) of the compound is negative in the complete temperature range indicating an n-type
system and it increases with increasing temperature till 150 K, after reaching a maximum value of ~—11 pVK !
starts decreasing with temperature which is probably due to bipolar conduction (cf figure 3(d)). The electrical
resistivity(p) increases with increasing temperature in the complete temperature range, a metallic behavior, and
the absolute value of p is low and varies from~1 m§2-cm to 2.5 m{2-cm which is consistent with Hall
measurement data (cf figure 3(e)). However, a change in slope, sharp decreasing trend, of electrical resistivity is
found at ~5 K, and at the same temperature there is a sharp peak in the temperature-dependent thermopower
() plot probably indicating a structural transition. The power factor (a*/ p) has been calculated from avand p,
with increasing temperature it also increases and reaches the highest value of ~8 yWm ™ 'K at 186 K before
decreasing at a higher temperature. A maximum figure-of-merit (zT) value of ~5 x 10~ *is found at 207 K.

3.3. Magnetic properties of the HINiGe compound

To investigate the magnetic behavior of the compound, both the temperature T and external magnetic field
H-dependent magnetization, M has been studied in the temperature range 2 K to 300 K. The temperature
dependence magnetic susceptibility x of the alloy in the presence of 50 Oe to 5 kOe external field under both
zero-field cooled (ZFC) and field cooled (FC) states is shown in figure 4(a). Irreversibility in magnetization under
ZFC and FC states is detected at all fields in the x-T plot, probably because of the existence of magnetically
ordered states and it is observed that at 5 kOe this irreversibility is reduced indicating elimination of magnetically
order phases present in the system at high field. However, there is no significant change in magnetic
susceptibility y is found at temperature T > 30 K indicating a Pauli paramagnetic compound. The increment of
x at T < 30 K is due to probably paramagnetic impurities present in the compound which are undetected by the
x-ray diffraction pattern. The variation of magnetization with the magnetic field of the compound in the range
£10kOe at different temperatures is shown in figure 4(b). The interesting features which are observed from
field-dependent magnetization studies are—(i) M decreases with increasing T which is consistent with x-T plot
(if) high coercivity Hc is found at all temperatures varying from 12 Oe to 413 Oe and the highest coercivity of the
alloy is found at 100 K, shown in figure 4(c) (iii) the remanence Mr of the alloy is low and maximum Mr of~0.06
emug ' is achieved at 30 K. However, various type of magnetic behavior observed from experimental studies
indicates that unlike conventional XYZ-type cubic half-Heusler alloy belonging to the space group F 4-3m, the
HfNiGe alloy shows unusual magnetic features like ferromagnetic interaction at room temperature. According
to the Slater-Pauling rule, the magnetic moment p of a cubic half-Heusler intermetallic alloy with valence
electron count (VEC) ny can be expressed as ;1 = ny —18 and the alloy with 1y = 18 should be nonmagnetic
behavior. In this case, even though the alloy is not a half-Heusler phase, HINiGe with ny = 18 exhibits different
magnetic indications.

3.4. Discussion

From the characterizations, two notable findings in the HINiGe compounds are the low thermal conductivity
and the presence of ferromagnetic interactions. Despite its high electrical conductivity, the low thermal
conductivity in HfNiGe is a distinguished characteristic of system. Previous reports suggest that the thermal
transport properties of TiNiSi-type orthorhombic phases are primarily governed by their intrinsic lattice
structures. Especially, the presence of a chair-shaped - - - Si—-Ni-Si—Ni- - - framework—analogous to that observed
in ultralow thermal conductivity SnSe, where coherent phonon propagation is disrupted strongly [29, 30]. In
HfNiGe, this feature, along with edge-sharing polyhedral connectivity and anisotropic bonding environments
facilitates strong phonon scattering, leading to inherently low lattice thermal conductivity. Furthermore, the
coupling between magnetic ordering and lattice vibration could also enhance phonon scattering via spin-
phonon interactions. Although this phenomena has not been investigated for HINiGe compound, previous
reports indicate how magnetic fluctuations and domain structures can impact thermal conductivity [31, 32]. As
the ferromagnetic interactions and atomic disorder found, these factors may jointly contribute to the low
thermal conductivity in HINiGe compound. As result, the thermal conductivity of the HINiGe compound is
found be significantly lower compared to other XYZ type alloys [19]. A more detailed experimental and
computational studies on this phenomena would facilitate a valuable insight.

4, Conclusion

TiNiSi type ternary intermetallic alloy HINiGe has been synthesized, and its low-temperature thermotrasport
properties have been thoroughly investigated. Several interesting transport phenomena have been identified.
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Particularly, two notable findings are (a) an inherently low thermal conductivity, and (b) the presence of
ferromagnetic interactions. Although thermopower, as well as the power factor of the alloy, is not yet sufficiently
high for thermoelectric application, the thermal conductivity of the alloy is found to be very low even at room
temperature, ~2.5 Wm™ 'K~ ' which is substantially lower than that of conventional cubic half-Heusler phases.
This result suggests that with further optimization of charge transport, the Seebeck coefficient could potentially
be enhanced, leading to higher performance. Furthermore, Unlike conventional cubic half-Heusler alloys,
HfNiGe with valence electron count (ny = 18) exhibits different types of unusual magnetic features such as
ferromagnetic interaction with high coercivity. This opens up a new aspect of the HNiGe based compound for
magnetic applications.
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