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Features of optical properties of semimetallic compounds ScBi and YBi
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The results of experimental studies of the optical properties of binary cubic compounds ScBi and YBi are

presented. The features of the frequency dispersion of dielectric functions in the wavelength range 0.22−15 µm are

determined. The anomalous behavior of spectral characteristics in the infrared region of the spectrum corresponds

to the semimetallic nature of these materials. A weak intraband contribution to low-energy optical conductivity is

associated with the main feature of their electronic structure — the localization of the Fermi level in the region of

a deep minimum of the density of states. The features of quantum light absorption are discussed on the basis of a

comparative analysis of experimental and theoretical spectra of interband optical conductivity.
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1. Introduction

Investigation of binary rare earth monopnictides RX
(where R — Sc, Y, Ln, and X — V group p-elements) is of

great interest due to versatile structural, electrical, magnetic

and optical properties (see [1]), with some of them having

good application prospects. Numerous such intermetallic

compounds whose properties vary in a wide range, from

metallic to semiconductor, have been synthesized recently.

Potential applications of these materials are associated with

demonstration of such properties as superconductivity, huge

magnetoresistance, high magnetocaloric and magnetooptic

effects [2–7]. The use of these intermetallic compounds

as materials for optoelectronics is a promising area [8,9].
Doping of compounds with other elements as well as

stoichiometry variation results in directional variation of

numerous magnetic, electrical and thermodynamic param-

eters [10–12]. These monopnictides crystallize in a cubic

lattice that at high pressures may be transformed into other

types of structures [13,14]. Theoretical calculations have

shown that a wide range of such intermetallic compounds

have unusual electronic structure with irregularities typical

for new quantum materials with unique physical proper-

ties — topological semimetals [15–18].

Such types of compounds include nonmagnetic binary

intermetallic ScBi and YBi with NaCl-type cubic lattice

that at 25GPa and 23GPa, respectively, is transformed into

CsCl-type structure characterized by 5% decrease in volu-

me [19]. Among the publications addressing experimental

research of physical properties of rare earth monopnictides,

there are just a few papers devoted to these compounds.

It is shown, in particular, that these materials have low

concentration of current carriers that is by two orders of

magnitude lower than in good metals [20]. Moreover, the

temperature dependence of resistance is of metallic type and

grows steadily with temperature. The study of transport

properties of intermetallic YBi has found extremely high

magnetoresistance achieving 105% at low temperatures,

and also metal−insulator transition induced by magnetic

field [21,22].

Calculations of the electronic spectra of ScBi and YBi

carried out recently within various calculation schemes have

shown that there are several features in the structure and

localization of Sc 3d-, Y 4d- and Bi 6p-states near the Fermi

level EF. The main of these features is the presence of

a wide gap in the density of electronic states that results

in semimetallic type of conductivity and predetermines

high thermoelectric properties of these materials [19,23–28].
Hydrostatic pressure, as reported in the studies above,

modifies the electronic spectra structure that, in turn, causes

transformations of several physical properties, in particular,

fast decrease of magnetoresistance and occurrence of su-

perconductivity. Inversion of d−p energy bands that takes

place here results in significant change in dispersion of

dielectric functions of these materials in a wide range of

energies [25,28]. A unique property of the calculated band

spectra of semimetallic ScBi and YBi is that topological

features are predicted in them — gapless surface states,

co-called Fermi arcs, defining significant difference in the

charge transfer rates on the surface and in the volume.

Recently, such properties useful for design of ultrafast

electronic devices have been extensively studied theoreti-

cally and have been found experimentally in tantalum and

niobium arsenides [29,30].

Additional information about the electronic structure of

these compounds can be acquired from the investigation of

spectral properties. For this, an optical ellipsometry method

covering the wavelength range, including the UV, visible

and IR regions, has been used herein. Experimental optical
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conductivity spectra are compared with the spectra obtained

from the previous ab initio band structure calculations.

2. Experiment

The studied polycrystalline ScBi and YBi samples were

prepared by arc melting of stoichiometric proportions of

high-purity metals (99.99%) in pure argon atmosphere.

For homogenization, the prepared ingots were annealed

in vacuum during a weak at ∼ 800◦C. X-ray diffraction

analysis of powder samples has shown that both alloys

crystallize in the NaCl-type cubic structure with lattice

parameters a = 5.95 Å (ScBi) and a = 6.24 Å (YBi) that

is close to the values obtained previously in [23,24,31].
Flat mirror surfaces of the samples were prepared by

successive polishing using diamond paste with different

grain sizes.

Optical properties of the samples were studied by the

ellipsometric method based on the measurement of ampli-

tudes and phase shifts of the reflected light waves of s -
and p-polarizations [32]. Within λ = 0.22−15µm (energies
E = 0.083−5.64 eV), optical constants of the compounds

were determined — refraction indices n(λ) and absorption

coefficients k(λ). Measurements carried out at room

temperature with accuracy 2−4%, cover the UV, visible and

IR regions. n(λ) and k(λ) were used to calculate dispersion

dependences of several functions characterizing the optical

properties of the studied materials — real ε1 = n2−k2

and imaginary ε2 = 2nk components of the complex per-

mittivity, reflectivity R = [(n−1)2 + k2]/[(n + 1)2 + k2] and
optical conductivity σ = ε2ω/4π (ω — light frequency).
Within the wavelength range, electromagnetic wave pene-

tration depth δ = c/kω (c — speed of light) increases from
several tens (UV region) to several hundreds of atomic

layers (IR region) allowing to address the obtained optical

parameters as bulk characteristics of the materials under

study.

3. Results and discussion

Dependences of the optical constants of ScBi and YBi on

the incident light wavelength are shown in Figure 1 (a short-
wave range is shown in the detail). With increasing λ,

significant growth of these parameters is observed. k > n
typical for metallic materials is satisfied throughout the

wavelength range. Occurrence of peaks in the short-

wave regions is associated with interband light absorption

and steady dispersion above ∼ 1.5µm is associated with

intraband (Drude) light absorption. Energy dependences

ε1(E), ε2(E) and R(E) are shown in Figure 2. Behavior

of these parameters with variation of the frequency of light

is typical for conducting media. This becomes evident in

the fact that ε1(E) remains negative at all energies, and

an abrupt rise is observed on ε2(E) and R(E) in the low-

frequency range. It should be noted that relatively low |ε1|
and R in the IR region are indicative of significant weaking
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Figure 1. Dependence of the optical constants of ScBi and YBi

on the incident light wavelength. A short-wave range is shown in

the detail.
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Figure 2. Real ε1 and imaginary ε2 components of permittivity

and reflectivity R of ScBi and YBi.

of the metallic properties of these materials. Note that in

good metals at E < 0.1 eV, |ε1| is by two to three orders of

magnitude higher and the reflectivity R is close to unity [33].

The energy dependences of the optical conductivity of

ScBi and YBi are shown in Figure 3 by circles. In the low-

energy region, this parameter in both compounds is rather

low and its growth can be seen only at the energies lower

than ∼ 0.2 eV. Such behavior of dispersion σ (E) differs

radically from the Drude dependence σ ∼ ω−2 typical

for metallic materials and exhibited in the IR frequency

range. Similar abnormal behavior of this function was

observed earlier for several compounds whose electronic

structure features the presence of energy gap at the Fermi
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Figure 3. Experimental (circles) and calculated (thick solid

line) energy dependences of optical conductivity of ScBi and YBi.

Contributions of interband transitions with participation of Sc 3d,
(Y 4d), Sc 3p (Y 4p) and Bi 6p states are also shown. The details

show total and partial densities of states as specified in [19].

level [18,34,35]. With the increase of photon energy at

E & 1 eV, the optical conductivity grows, and interband

absorption associated with quantum electron transitions

from the occupied states to free ones is the prevailing

mechanism of electronic excitation by light. Within the

curves σ (E) of both compounds, intense absorption bands

with similar shapes and a peak in the UV band near

3.2 (ScBi) and 4.1 eV (YBi) are observed.

Features of the experimental optical conductivity de-

pendences may be qualitatively explained using the cal-

culations of band spectra and densities of electron states

N(E) described in [19] and generally corresponding re-

sults obtained in [23–26]. Calculations have shown that

within −5 < EF < 5 eV in N(E) structure of intermetallic

ScBi and YBi, Sc 3d, 3p-, Y 4d, 4p- and Bi 6p-bands
prevail with their partial densities forming a set of intense

peaks on both sides of EF. d-bands have high densities

both above and below the Fermi energy, while p-bands
have high densities only at E < EF. Partial contributions

of s -states are moderate and distributed evenly over a

wide energy region. These calculations [19] as shown

in details in Figure 3 have defined the features of the

N(E) structure of the studied intermetallic compounds.

The main of these features is the presence of a wide dip

(pseudogap) near EF, on the bottom of which the density

of states achieves almost zero level. Such irregularity in

the N(E) spectrum causes low current carrier concentration

in these materials and high electrical resistances [20–22]
that are by an order of magnitude higher than that in good

metals. Abnormally low σ (E) in the low energy region

and the absence of the Drude rise observed herein also

suggest that the metallic properties of both compounds

degrade allowing to consider the compounds as bad metals

or semimetals.

Taking into account that the structure of the observed

optical conductivity spectra is based on the real configu-

ration of the electronic spectra of the compounds, it is

interesting to compare the experimental σ (E) with theo-

retical dependences derived from the published densities

of states [19]. The interband optical conductivities have

been calculated similar to the method previously used

in [36] based on the convolutions of total N(E) above

and below EF on the assumption of an equal probability

of all types of transitions. Results of such calculations

that are of qualitative type owing to the above mentioned

approximation are shown in Figure 3 in arbitrary units.

Theoretical optical conductivity curves show rather close

agreement with the experimental dependences. Despite

some distinctions in the structural elements, the calculated

σ (E) spectra adequately describe the observed picture of

the interband optical absorption, localization and width of

the main peaks. According to the electronic structure [19],
the intense interband absorption in the studied compounds

has similar behavior and is mainly associated with quantum

transitions between the filled hybridized Sc 3d (Y 4d)- and
Bi 6p-bands and free Sc 3d (Y 4d) states. Contribution

of other electronic states is minor due to their low partial

densities. Most significant contributions to the interband

optical conductivity associated with various electronic states

are shown in Figure 3.

Thus, strong interband light absorption at ∼ 2−6 eV

and the absence of the Drude contribution to the low

energy spectrum region are the main features of the optical

conductivity dispersion of ScBi and YBi. Such behavior of

σ (E) is directly associated with the peculiar structure of

their densities of electronic states, i. e. with the presence

of deep dips in the energy region adjacent to the Fermi

level. Width of these features estimated from the experiment

is at least 2 eV corresponding with the calculated values

in [19,23–25]. In general, the observed frequency dispersion

of the ScBi and YBi optical properties is indicative of the

semimetallic properties of these materials.
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4. Conclusion

Optical properties of the binary ScBi and YBi in

λ = 0.22−15µm region have been studied experimentally.

Optical constants n(λ) and k(λ) were measured by the

ellipsometric method and used to determine the energy de-

pendences of the dielectric functions, optical conductivities

and reflectivities. Optical conductivity spectra structure in

the intense interband light absorption region is satisfactory

explained by the previously published ab initio calculations

of the band structure of these intermetallic compounds. It

has been shown that σ (E) of the compounds in the low

energy region is characterized by abnormally low values

suggesting the presence of deep dips in their densities of

electronic states near the Fermi level. The semimetallic

type of conductivity of these materials predicted by the

electronic structure calculations is confirmed by the optical

investigations.
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