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Abstract

We synthesize single-crystals of ScPdBi, a Half-Heusler compound by self-flux growth
technique and report its physical properties such as magneto-transport and specific heat down to
2 K. Resistivity measurements were performed on these single-crystals at ambient and high-
pressure conditions. Temperature-dependent resistivity measurements reveal that ScPdBi1 shows
the metallic character at ambient pressure and without applied magnetic field. The metallic
character of ScPdBi was un-altered even in extreme conditions such as high pressure (up to 19
GPa) and magnetic field (up to 9 T). We observe an upturn in the resistivity which persists even
at high pressure. We rule-out the presence of the Kondo effect by performing the specific heat
measurements down to 2 K which resulted in a low Sommerfeld coefficient (y = 2.6 £0.9 mJ
mol~! K=2). This anomaly in resistivity below 30 K could be attributed to an electron-hole

scattering process or a carrier imbalance effect.
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1. Introduction

Half-Heusler compounds with general formula XYZ (X and Y = transition or rare-earth
elements and Z = post-transition metal) attract much attention in the field of topological
quantum materials because of their narrow band gap [1-3], tunability of spin-orbit coupling
(SOC) to induce the band inversion and possibility to close the band gap and form nearly linear
dispersive bands resembling the Dirac cone by introducing heavier elements [4-6]. This
tunability of band gap makes these materials particularly suitable for various applications based
on spintronic, thermoelectric, and magneto-caloric effects [7-9]. Among all the ternary half-
Heusler compounds, special attention has been given to REPdBi and REPtBi (RE: rare-earth)
compounds because of their potential topological superconductivity [10,11]. A classification
(topologically nontrivial and topologically trivial) has been proposed from NMR studies on a
range of these half-Heusler systems RETBi (RE = Sc, Y, and Lu; 7 = Ni, Pd, and Pt) [12,13].
Notably, ScPtBi and ScPdBi compounds were found to be topologically nontrivial and trivial,
respectively [12—-14]. Among these two compounds, the non-trivial insulating nature of ScPtBi
was well studied with help of first principle calculations which reveal that the ScPtBi has an
inverted band gap of 0.7 — 0.9 eV [3,13-17]. Apart from these, ScPtBi was reported for its poor
thermoelectric properties with a negative Seebeck coefficient and n-type carrier behavior
[18,19]. Apart from numerous theoretical studies, experimental studies on ScPtBi was least
explored. Hou et al. reported the synthesis of ScPtBi single crystal by self-flux growth
technique, and the non-magnetic semi-metallic behavior was observed from the low field
magneto-transport studies [20]. Interestingly, ScPdBi substituted by Pt is claimed to be a
superconductor below 1.2 K and paving a path to reach the topological non-trivial
superconductivity [21]. ScPdBi was reported to have a trivial band topology with a
semiconducting band gap in the range of 0.3 — 0.7 eV [3,6,14]. It has been reported that the
band inversion strength (A = ['¢—I'g) of ScPdBi was close to the trivial to non-trivial insulating
phase transition region [3, 6, 14]. Nowak et al. confirmed the trivial band topology of ScPdBi
with help of 2®Bi NMR [17]. It was reported that the uniaxial pressure induces the trivial to
non-trivial insulating phase transition in half-Heusler compounds [3,15]. To understand the
effect of pressure on the band order, Narimani et al. explored the pressure-dependent electronic
band structure of ScPdBi and could not observe any band inversion. Apart from this, the energy

difference between I'c and I's was enhanced with pressure [22]. Narimani studied the band



topology of ScPdBi by incorporating the heavy elements (Gd, Np, and Cm) at the Sc site and
could not observe any band inversion [23]. These studies motivated us to grow the single
crystals of ScPdBi and study their electrical transport properties at ambient and extreme
conditions such as magnetic field up to 7 T and pressure up to 19 GPa assuming that these can
cause a change in the electronic band structure, which may lead into interesting topological
properties.

2. Experimental sDetails

Single crystals of ScPdBi were prepared by self-flux growth technique in which
stoichiometric amount of Sc (31.2 mg, Alfa Aesar, 99.9% pure chunks), Pd (73.8 mg, Alfa
Aesar, 99.99% pure wire) and Bi (145 mg, Sigma Aldrich, 99.9% pure shots) metals were taken
in a tantalum ampule. Extra Bi (2.5 gm) was added to these reagents which act as a self-flux.
The tantalum ampule was placed in a 13 mm quartz tube and was flame sealed under a vacuum
of 107 torr for preventing oxidation during the reaction. The reactant mixture was heated to
1173 K in 8 h and maintained at that temperature for 48 h. Finally, the sample was cooled down
to room temperature with a rate of 3 °C/h. Excess flux present in the sample was removed by
heating the sample at 773 K and subsequently centrifuged through a coarse frit. To remove the
flux present over the crystals, these crystals were soaked in dilute HNOj3 solution for a period of
16 h. Finally, these crystals were rinsed with acetone and sonicated for several times. The
obtained ScPdBi crystal was having a cube shape with an average size of 200 ym.

Single crystal X-ray diffraction measurements were done on the as cleaned ScPdBi
single crystals with the help of Bruker Smart Apex 2- CCD diffractometer having a normal
focus, 2.4 kW sealed tube X-ray source with graphite monochromatic Mo Ka radiation (4 =
0.71073 A). SAINT was used for the integration of diffraction profiles and SADABS was used
for the absorption correction. The structure was solved by direct and Fourier methods and
refined by full-matrix least-squares, using standard crystallographic software: SHELXT-2014,
SHELXL- 2014 [24,25]. Olex2 software package was used for these refinements. The crystal
structure of ScPdBi1 was built with help of DIAMOND software.

Temperature-dependent resistivity measurements down to 2 K were done on ScPdBi
single crystals at ambient and different magnetic fields with help of physical property
measurement system (PPMS, Quantum Design). The dependence of electrical transport on

temperature and the magnetic field is systematically investigated between 2 K and 300 K up to 9



T. Electrical transport measurements at ambient and different pressure values (2—19 GPa) were
performed using a linear four-probe technique in which we use Keithley 220 and Keithley 2182
as a source and nano voltmeter respectively. For this pressure-dependent measurements, we
used a sintered diamond Bridgman anvil apparatus in which a pyrophyllite gasket and two
steatite disks act as a pressure transmitting medium [26].

3. Results and Discussion

The X-ray diffraction pattern of ScPdBi is depicted in Fig. 1a. It has been seen that the
compound is phase pure and forming in the MgAgAs structure type having F43m space group.
The inset of Fig. 1a shows the unit cell of half Heusler ScPdBi compound within which Sc, Pd,
and Bi atoms occupy 4b, 4c, and 4a Wyckoff sites, respectively. The lattice parameters (a = b =
c=6449 A; and a = f = y = 90°) obtained from the single crystal refinement are in good
agreement with reported values [13]. The cubic morphology of the as-synthesized ScPdBi single
crystals was confirmed using a scanning electron micrograph (inset of Fig. 1a). The dimensions
of these single crystals are in the range of 150 ym as shown in the inset of Fig. 1a. EDAX and
elemental color mapping studies were done on ScPdBi single crystals and are shown in Fig. 1b
and Fig. 1c respectively. It has been seen that all the Sc, Pd, and Bi elements are uniformly
distributed throughout these single crystals. Apart from this, a slight deficiency in Sc was
observed from the composition analysis.

Fig. 2a shows the temperature-dependent resistivity of ScPdBi single crystals at ambient
pressure. Resistivity decreases with the decreasing temperature down to 2 K, confirming the
metallic nature of the system. However, it contradicts the expected semiconducting behavior as
predicted from the previous theoretical reports [3,6,14]. Results of the temperature-dependent
resistivity under constant magnetic field ranging from 1 T to 9 T are depicted in Fig. 2b. We
could not observe any appreciable effect on the resistivity with the application of an external
magnetic field which is expected for a trivial band system. Moreover, Sc, Pd, and Bi atoms
probably do not contribute any magnetic moment to the system which is in agreement with the
reported theoretical prediction [23].

Apart from the metallic nature, we could observe an upturn in the resistivity below 30 K
(Fig. 2a). In general, this kind of behavior in resistivity is expected in the case of f-electron-
based systems because of the hybridization of conduction bands with the localized f-electrons at

low temperature and giving rise to the Kondo effect [27]. It was reported that Kondo behavior



can also be observed in 3d-electron-based systems [28-31]. To understand the origin of the
upturn in the resistivity of ScPdBi, we have performed the temperature-dependent specific heat
measurements down to 2 K. Fig. 3 shows the C/T vs T? and this variation is fitted with the usual
quadratic equation C/T=y+f*T?. From this, we extract a Sommerfeld coefficient (y = 2.59 + 0.87
mJ mol~! K=2) and a Debye term (8 = 0.87 + 0.01 mJ mol~! K™#). These results ruled out the
possibility of Kondo behavior in the ScPdBi compound.

To further understand the electrical transport properties under extreme conditions, we
have carried out the temperature-dependent resistivity at different hydrostatic pressures ranging
from 2 — 19 GPa (see Fig. 4).

These measurements were performed with a four-probe technique and observed a ground
of 0.55 kQ above 10 GPa in the electronic set-up which affects the absolute value of the
resistivity without changing the general trends. For completeness, we present all the temperature
sweeps at constant pressure where the results above 10 GPa have been normalized by
multiplying the factor (0.97+0.00000381) (Fig. 4a). These results indicate that the metallic
nature of ScPdBi persists even up to 19 GPa. Interestingly, we also observe an upturn in the
resistivity at low temperature in all the measured pressure range. As we rule out the presence of
Kondo state in ScPdBi by specific heat measurements, we ascribe this upturn in resistivity to the
conduction in strongly disordered systems.

Considering the very low RRR of the sample that suggests defects and impurities, we turn to
a model that describes conduction in strongly disordered systems with localized charge carrier
states, i.e. the Mott variable-range hopping model. Analyzing a model in which charge is
transported via phonon-induced tunneling of electrons between localized states which are
randomly distributed in energy and position, Mott [32] has obtained an electrical conductivity

of the form

p = poexp[2(To/T)""]

In general, this type of temperature dependence has been observed in a large number of systems
[32], including high-temperature superconductors [33]. Fig. 4(c) presents the resistivity versus
temperature as [n(p) versus T~ 4. The linear t of the low-temperature part (i.e. 7 < 25 K)

determines To=0’/kgN(EF), where a is the localization distance, which can be assumed to be



constant with pressure, and N(EF) is the density of states at the Fermi level. On Fig. 4(b) we

show a decreasing variation of Ty 1, i.e. increasing for N(EFr), as a function of pressure.
According to band structure calculations [22], the valence 's band is almost on the Fermi level,
at all pressures. Thus, the increase of N(EFr) that we observe, would indicate an increase of hole
charge transfer from defects and impurities to this band. This analysis also supports an
explanation for the metallicity of the samples: doping of the valence band by impurities. The
low-temperature deviation from 40 K can be attributed due to percolative transport via
interlayer coupling or electronic disorders [34,35].

4. Conclusions

Single crystals of ScPdBi were successfully grown by the self-flux growth technique and
observed to crystallize in MgAgAs structure type with F43m space group. The temperature
dependences of the resistivity of ScPdBi was measured at ambient pressure at different
magnetic field up to 9 T and under pressure up to 19 GPa. ScPdBi observed to have metallic
nature down to 2 K and persists its behavior even under extreme conditions (up to 9 T and 19
GPa). ScPdBi did not show a noticeable magneto-transport effect. The Sommerfeld coefficient
(y) and Debye term () were extracted from the specific heat measurements and found to be 2.59
+0.87 mJ mol™! K2 and 0.87 £0.01 mJ mol~! K™, respectively. The low y value and smooth
temperature dependence of the specific heat indicate the absence of the Kondo effect in ScPdBi.
The upturn in resistivity observed in the low-temperature region at all pressure probably due to
either electron-hole scattering process or carrier imbalance.
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Figure 1. (a) Powder X-ray diffraction pattern of ScPdBi, insets show the crystal structure and

scanning electron microscopic image of ScPdBi single crystal (b) Compositional analysis on

ScPdBi single crystals (c) Elemental colour mapping on ScPdBi single crystal, showing uniform

distribution of Sc, Pd and Bi elements.
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Figure 2. (a) Temperature dependent resistivity of ScPdBi showing the metallic nature down to
2 K (b) Temperature dependent resistivity of ScPdBi at different magnetic fields, indicating

there is no appreciable change in the resistivity with external magnetic field.
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Figure 3. Temperature dependent specific heat of ScPdBi. A linear fit to the low temperature
region resulted in a low Sommerfeld coefficient (y = 2.59 + 0.87 mJ mol~! K-2) and Debye term

(8=0.87 £0.01 mJ mol~! K~#).
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Graphical abstract legend
Resistivity measurements at extreme conditions on ScPdBi single crystals reveal the metallic

nature, which further confirmed by band structure calculations.





