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ABSTRACT: The work presents the electronic structure computations and optical spectroscopy studies of half-Heusler
ScNiBi and YNiBi compounds. Our first-principles computations of the electronic structures were based on density
functional theory accounting for spin-orbit coupling. These compounds are computed to be semiconductors. The
calculated gap values make ScNiBi and YNiBi valid for thermoelectric and optoelectronic applications and as selective
filters. In ScNiBi and YNiBi, an intense peak at the energy of -2 eV is composed of the Ni 34 states in the conduction
band, and the valence band mostly contains these states with some contributions from the Bi 6p and Sc 3d or Y 4d
electronic states. These states participate in the formation of the indirect gap of 0.16 eV (ScNiBi) and 0.18 eV (YNiBi).
Within the spectral ellipsometry technique in the interval 0.22-15 um of wavelength, the optical functions of materials
are studied, and their dispersion features are revealed. A good matching of the experimental and modeled optical
conductivity spectra allowed us to analyze orbital contributions. The abnormally low optical absorption observed in
the low-energy region of the spectrum is referred to as the results of band calculations indicating a small density of
electronic states near the Fermi energy of these complex materials.

KEYWORDS: Computational physics; first-principles calculations; electronic structure; band gap; excited states;
optical properties; semiconductors; complex materials; optoelectronic applications

1 Introduction

Nowadays, computational modeling of materials is the foremost leading technique for discovering and
engineering novel multifunctional materials [1]. Among such materials, those containing rare-earth metals
can provide exceptional properties and further applications [2]. The ternary half-Heusler XTZ compounds,
with X, T—transition elements; Z usually denotes p element, crystallized in MgAgAs-type structure con-
sidered as filling up of T atoms into the rock-salt structure of XZ atoms. These alloys attract attention
owing to diverse magnetic properties [3], colossal magnetocaloric and magnetoresistive effects [4,5], field-
induced metal-semiconductor transition [6], coexisting magnetism and superconductivity [7], corrosion
resistance [8], and more. The unique combination of electronic, magnetic, thermal, and mechanical charac-
teristics in half-Heuslers makes them promising materials for numerous technological applications, ranging
from spintronics [9], optoelectronics [10], piezoelectricity [11] to topological insulators [12,13]. The prospects
for the practical use of such alloys are also associated with their valuable thermoelectric characteristics, which
make it possible to convert thermal energy into electrical efficiently [14,15]. The high thermoelectric power
factor of such materials is related to the major characteristics of their electronic structure—the presence of the
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narrow energy semiconducting gaps localized near the Fermi level (Er) [16-18]. The origin of such anomalies,
as shown in the calculations of electronic spectra, is related to the specificity of the p-d bands hybridization.
The thermoelectric properties of XTZ compounds can be improved by changing the concentration of doping
components and sample defects [19-21].

The paramagnetic compounds ScNiBi and YNiBi are typical representatives of this extensive family.
Experimentally, only a few papers studied the properties of these materials. The ScNiBi single crystal was
identified as a hole-dominant semiconductor with positive linear magnetoresistance [22]. The size of the
energy gap, determined from the temperature dependence of the electrical resistance, is 83.7 meV, i.e.,
somewhat less than a theoretical estimate [23,24]. The electrical transport and thermoelectric characteristics
of YNiBi were measured and evaluated from 10 to 925 K [25]. This alloy is a promising p-type thermo-
electric compound because of its small lattice thermal conductivity with the max. Power factor gaining
13.3 uWem 'K ™2 at 485 K. Nuclear magnetic resonance (NMR) combined with DFT computations showed
that both compounds exhibit properties typical of topologically nontrivial half-Heusler alloys [26]. The
crystalline properties of both compounds, as well as the method of their synthesis, are described in detail
in [27]. Their structural [28,29], mechanical [30], electronic [31], magnetic, excited states, elastic, and
thermal [32] properties were investigated by performing first-principles calculations within the framework
of various computational schemes [33-35]. The sizes of the band gap in both compounds, calculated in these
works, with some difference, located nearby of 0.158-0.314 eV (ScNiBi: 0.286 [23], 0.158 [24] 0.256 [29],
0.22 [33],0.185 [35] €V; YNiBi: 0.314 [23], 0.166 [24], 0.32 [28], 0.266 [29], 0.19 [32], 0.205 [35] €V). Computed
optical properties of ScNiBi and YNiBi [35] revealed interband light absorption, as well as spectral and
dielectric characteristics over a wide energy range, were determined.

Helpful data on the electronic properties of ScNiBi and YNiBi could be gained from a joint experimental
study of their optical characteristics and calculations of first-principles band spectra. Optical spectroscopy is
well known as a convenient and sensitive method for investigating the band structure of intermetallic com-
pounds in the vicinity of the Fermi energy. The explanation of the experimental results, taking into account
the first-principles calculations, allows for a more comprehensive analysis and also to assess the validity of
the computation method. The results of such a combined experimental and theoretical study are reported in
this paper. In optical studies carried out in a wide range of wavelengths using the ellipsometric method, the
energy dependencies of several spectral characteristics were obtained. Spectroscopic ellipsometry uses the
change of polarization state of incident light on reflection. This change is closely connected with the dielectric
function of an investigated matter. As far as we know, no studies of this kind have been published on these
semiconducting compounds.

2 Methodology

Polycrystalline samples ScNiBi and YNiBi were prepared by arc-melt technique which was previously
used for the synthesis of these materials [25,27]. The melting process of high-purity (at least 99.9%) metals
in a ratio of 1:1:1 took place in an atmosphere of purified argon. The initial bismuth content was increased by
6% to cover for its evaporation during the melting. The resulting ingots were sealed under vacuum into silica
tubes and annealed for 5 days at 800 C to homogenize the samples. Powder X-ray diffraction was performed
using a high-resolution PANalytical Empyrean diffractometer with Cu K, monochromator (1 = 1.54056 A)
and scanning step of 0.013° in angles 20°-80°. The analysis of the phase composition and calculation of the
lattice parameters were performed using the Rietveld method with the FullProf software, see Fig. 1. The study
showed that the crystal structure of both compounds consists of almost 98% cubic MgAgAs-type phase F43m
with the lattice parameters a = 6.182 A (ScNiBi) and a = 6.408 A (YNiBi), see in Fig. 1. Small additives (<2%)
are identified as impure phases (Y;Ni, Ni), which occur during rapid cooling after melting of Y, as well as Ni.
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The values of lattice parameters, which are close to previously obtained experimentally [25,27] (a = 6.1191 A
and a = 6.412 A, correspondingly) were used in our theoretical computations with Sc/Y in 4a (0, 0, 0), Ni
at positions 4c (1/4, 1/4, 1/4), Bi in 4b (1/2, 1/2, 1/2) position. The following values of these parameters were
obtained in theoretical calculations: a = 6.115 A (LDA), a = 6.269 A (GGA) [35], a = 6.191 A [29] for ScNiBi
and a = 6.330 A (LDA), a = 6.498 A (GGA) [35], a = 6.494 A [28], a = 6.411 A [29] for YNiBi. The ingots
were cut to provide flat surfaces for optical studies. The mirror-like reflective surfaces of the studied samples
were obtained by mechanical polishing on diamond pastes of various grain sizes. After that, the polishing
was done with 0-1 um diamond paste.

(220)
ScNiBi
(200) . a
- | ) 22 (420) o o
g L (422) o | o
5 |
£ @331 q o
: 1 .1 ] lk | Qo |
L} AL A A A | o)
-é‘ N N = k2 v " L] T - o
é’ (220) o o o
£ YNiBi °| 00 |
| Q— |
(200) o o o
(1 @22) (400) (420) !0 o °
(311) (422) é
" l (331 .
"
[ ]ll 1 4 I o I .l - '

20 30 40 50 60 70 80

20 (deg)
(a) (b)

Figure 1: Powder diffraction patterns (a) of ScNiBi and YNiBi. The asterisk corresponds to the impurity signals. Crystal
structure (b) of ScNiBi compound with Sc—orange, Ni—black, and Bi—magenta atoms

The optical properties of the ScNiBi and YNiBi alloys were experimentally measured using the Beattie
ellipsometric technique with a rotating analyzer measuring the phase shifts and amplitudes of reflected
light waves of s and p polarizations [36]. Using these parameters provides the possibility to determine the
optical constants of the materials—refractive indices n(E) and extinction coefficients k(E), here E—the light
wave energy. Several other optical characteristics, namely the complex permittivity e(E) = & (E) — ig;(E)
that describes the linear response of the medium to incident electromagnetic radiation, reflectivity R(E),
optical conductivity o(E) = &, w/4m (w—frequency of the light) and the electron energy loss function can be
calculated from # and k. Measurements were performed at room temperature in the wavelength range A =
0.22-15 pm (E = 0.083-5.64 eV) and covered the ultraviolet (UV), visible, and infrared (IR) spectral intervals.
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All electronic structure computations were conducted using so-called first-principles methods in
density functional theory (DFT). The functional was chosen to be generalized gradient approximation
(GGA) per Perdew-Burke-Ernzerhof form (PBE) [37]. For pseudopotentials [38], ultrasoft full relativistic
ones account for spin-orbit coupling (SOC) in the considered ScNiBi and YNiBi compounds. This approach
provides reliable electronic structure and other physical characteristics [39]. The computations were done in
the Quantum ESPRESSO software [40], pseudopotentials were chosen from its libraries, with valence states:
3s, 4s, 3p, 3d for Sc; 4s, 5s, 4p, 5p, 4d for Y; 4s, 4p 3d for Ni and 6s, 6p, 5d for Bi. The wave functions were
presented based on plane waves. The reciprocal space was divided into a grid of 12 x 12 x 12 k-points. It
is enough for a good convergence of the results with standard energy and other thresholds. Kinetic energy
cutoffs for the wavefunctions and the charge density were chosen as 70 and 700 Ry. It was found to be
enough for the self-consistency of the results. When constructing densities of states, the value of the Gaussian
broadening was chosen to be 0.01 Ry for the density peaks.

3 Electronic Structure and First-Principles Calculations

In Fig. 2, one can see the band structures of the ScNiBi and YNiBi compounds, the DFT calculated
considering spin-orbit coupling. A pronounced feature that characterizes ScNiBi as a semiconductor, namely,
the band gap can be seen at the Fermi level at zero energy demonstrated with the orange dashes. The gap is
indirect with the smallest value between I' and X, the value of the band gap was computed as 0.16 eV in our
study. One can also notice a high number of localized bands in the vicinity of -2 eV which would produce
a peak with a high density of the occupied nickel states as we can see below from the projected densities of
states. From Fig. 2, one can observe that the bands of YNiBi are similar to the structure of ScNiBi in some
regards. The lowest part of the valence band is shifted above in energy relative to the ScNiBi compound. It
makes the valence band in YNiBi more localized. The band gap in the YNiBi compound is also present. It is
indirect with a slightly higher value of 0.18 V. The localized bands at -2 eV are also present in this compound
because it contains nickel.
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Figure 2: Band structure of the semiconductor (a) ScNiBi, (b) YNiBi alloys
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The densities of states (DOS) for both materials are depicted in Fig. 3. In ScNiBi, there is an intense peak
at the energy of -2 eV. This peak is composed of the Ni 3d states. The valence band mostly contains these
states with some contributions from the Bi 6p and Sc 3d electronic states. The scandium 3d states are mainly
unoccupied excited states and in the conduction band. The total density of states around the Fermi level is
very low. It is a manifestation of a narrow gap of 0.16 eV partially covered by a broadening procedure of a
DOS plot but seen from the band structure in Fig. 2. From Fig. 3, we can also tell that the states of scandium
are dominant around the Fermi. The densities of states of YNiBi, also shown in Fig. 3, are similar to those
calculated for the semiconductor ScNiBi compound. There is also an intense peak at -2 eV from the Ni 3d
states. It corresponds to the localized bands in the compound bands. The Y 4d electronic states exhibit the
same behavior as the Sc 3d states being mostly unoccupied and forming the conduction band. As we guessed
from its band structure, the valence band in the semiconductor YNiBi compound is narrower in the energy
spectrum with the conduction band being the opposite. It is more spread out with the less intense peaks from
the Y 4d states.
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Figure 3: Distribution of the total and partial densities of electronic states of (a) ScNiBi and (b) YNiBi compounds

4 Dielectric Functions and Optical Conductivity

The real ¢ (E) and imaginary &,(E) components (as functions of energy) of the permittivity of half-
Heusler ScNiBi and YNiBi compounds are shown in Fig. 4. The real ¢ (E) part describes the intensity of
the electrostatic interaction between charges (polarizability of material) and ¢, (E) is related to the material’s
light absorption. In IR less ~0.6 €V, the real dielectric functions of both alloys decrease and have negative
values which is explained by the fact that the compounds reflect the incident radiation, and the materials
demonstrate a metallic behavior. As the light energy increases, the ¢, (E) values become positive, indicating a
recession of the metallic properties of the compounds. In the visible region, at E > ~1.5 eV, the real dielectric
functions become negative again, accompanied by an increase in reflectivity. In Fig. 4, the imaginary
components & (E) and reflectivity R(E) are plotted for both alloys. The reflectivity R(E), defined relative to
the unit, represents the proportion of reflected light to incident light. At low energies, these characteristics
abruptly increase. It is also typical of a conductive medium. It is important to note that relatively low R and
|| in the IR interval show a drop in the metallic properties of ScNiBi and YNiBi. For comparison in good
metals at these energies, the |¢; | value is two to three orders of magnitude higher, and the reflectivity is close
to unity [41,42]. As the frequency of light grows, several peaks related to quantum light absorption are seen
on these curves in the same energy intervals.
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Figure 4: Experimental results for reflectivity R and dielectric functions ¢, and ¢, as functions of energy

The experimental energy dependences of the optical conductivities o (E) of ScNiBi and YNiBi are drawn
by dots, see Fig. 5. This function, in contrast to the static conductivity, depends on both the states at the E,
and on its values over the entire range of energies. In low energies, where the values of ¢(E) are small, a
broad minimum below 1 eV is observed on both curves. As the photon energy increases (visible and UV
regions), wide bands of interband absorption corresponding to electronic transitions are indicated in the
submitted o (E) dependences. For ScNiBi and YNiBi, these bands have a similar shape, and their maxima are
at energies of 3.7 eV (ScNiBi) and 4.3 eV (YNiBi). The structure of the o(E) dependencies of both materials
corresponds to the spectra obtained in theoretical calculations [35]. The origin of these transitions from the
occupied valence states to the empty conduction states produces the named maxima. For this purpose, we
compared the experimental curves o(E) with the theoretical interband conductivity o, (E) calculated from
the densities of electronic states. The calculations were performed within the framework of the method [43]
in which the oy, (E) is proportional to the DOS convolution from both sides of the Er under the assumption
of equal probability of electronic transitions, both direct as well as indirect ones. Such theoretical curves,
being qualitative in this approximation, are presented for both compounds in Fig. 5 by solid lines together
with the experimental data.

5 Discussion

Fig. 5 displays the calculated curves of the interband optical conductivities for ScNiBi and YNiBi. The
computed conductivities are in good accordance with the experimental ones. Both the general shape of the
absorption bands and the position of the maxima are reproduced quite well. The large intensity of absorption
above ~2 eV is similar in ScNiBi and YNiBi, as well as in the densities of states. Based on the DOS plots
drawn in Fig. 3, the increased values of optical conductivities in ~2-6 eV can be attributed to transitions
from the valence Ni 3d, Sc 3d (Y 4d) states to the conduction Sc 3d (Y 4d), Bi 6p states. These transitions
are vibrant in the whole energy range, but their contributions are the largest in the regions of the main
peaks. Fig. 5 shows the largest contributions to o, (E) curves from different electronic states. It can be seen
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that transitions involving the Ni 3d and Sc 3d (Y 4d) states play a decisive role in the formation of interband
absorption maxima. Contributions from transitions involving the bands of Bi 6p and Ni 4p are much weaker,
demonstrating a weak uniform growth with the energy growth.
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Figure 5: Optical conductivity of (a) ScNiBi and (b) YNiBi: circles—experimental, thick solid curves—calculated.
Dash, dash-dot, dot, and thin solid curves are different contributions from the Sc 3d (Y 4d), Bi 6p, Ni 3d, and Ni 4p
electrons, accordingly

The obtained dependences of oy, (E), see Fig. 5, demonstrate no presence of optical absorption at low
energies due to the occurrence of the band gap in the bands of compounds. At the same time, an increase
in optical conductivity is visible in the experimental spectra in this range. In metallic materials, this growth
is related to the mechanism of intraband light absorption and is described by the Drude term o~w™?. For
the studied compounds, the low-energy rise of the o(E) curves is weak and does not correspond to a similar
dependency. The nonzero experimental values of o (E) in this range point out the pseudogap behavior of these
splits in the densities of states, which is typical for semimetallic materials. Previous studies have shown thata
similar behavior of optical conductivity is noticed in many materials whose electronic structure includes the
same feature located at Er [44]. In our case, a weak increase in optical conductivity in the IR region can be
attributed to a structural imperfection of the studied samples, namely, the occurrence of a small percentage
of the other phases, impurities, and deviations from stoichiometry. Such defects in the crystal structure
contribute to the presence of free electrons, whose interaction with the electromagnetic field of a light wave
(intraband absorption of light) leads to an observed behavior of o(E) curves in the low-energy interval.
The non-Drude dispersion of these dependencies manifests that the metallic properties of the compounds
are strongly weakened. Note that the presence of such a very low optical conductivity in the IR region was
found to be typical for semimetals with a low concentration of current carriers, in particular for Bi and
Sb [42]. Hence, the main features of the experimental o (E) spectra of ScNiBi and YNiBi are weak low-energy
contribution below ~1 eV, related to intraband light absorption, and the large interband absorption above
this value. Low values of optical conductivity in IR correlate with calculations of their electronic structures
and densities of electronic states, which indicate the occurrence of an energy gap located at the Fermi
energy. Consequently, ScNiBi and YNiBi can contribute to the elaboration of optoelectronic and luminescent
materials with other inorganic materials [10-12,23,45].

Another characteristic derived from the complex dielectric constant is the energy loss function
L(w) = Im(-1/e(w)) = &/(e;* + &), which makes it possible to assess the probability of the existence and
energy of plasma fluctuations, i.e., collective oscillations of an electron gas in a conductive medium. This
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parameter describes the discrete energy losses of conduction electrons during the excitation of volume
plasma oscillations. It has a maximum at & — 0, the localization of which corresponds to the plasma
frequency wp. The energy dependences of these functions (Fig. 6) show that such maxima in both materials
are located at By, ~ 0.8 €V, i.e., the plasma frequency wp = Eqay/h % 1.2+ 10" 57! for the conduction electrons.
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Figure 6: Electron energy loss spectra of the ScNiBi and YNiBi compounds

6 Conclusions

Our article reports the electronic structure theoretical modeling and experimental optical results
for two ternary ScNiBi and YNiBi compounds, both belonging to the class of half-Heuslers. The first-
principles calculations were carried out considering spin-orbit coupling and revealed that these materials
are semiconductors with an indirect gap of 0.16 eV (ScNiBi) and 0.18 eV (YNiBi). The optical properties of
these compounds were investigated by the ellipsometric method in 0.22-15 pm. The energy dependences
of dielectric permittivity, reflectivity, optical conductivities, and characteristic loss functions are obtained. It
is shown that in the optical conductivity of ScNiBi and YNiBi, the intense interband absorption occurs at
energies above ~1 eV and is weakly manifested at low energies. The structural features of the experimental
o(E) are qualitatively reproduced by calculations of this function based on the spectra of electronic states.
The weak optical absorption observed in IR correlates with the theoretical results showing the presence of
the band gap of both ternary compounds. The first-principles calculated gap values make ScNiBi and YNiBi
valid for thermoelectric and optoelectronic applications and as selective filters.
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