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The results of experimental studies of the optical and dielectric properties of cubic compounds YxLa1−xBi are

presented. In the spectral range 0.22−15 µm, the refractive indices and absorption coefficients were measured

ellipsometrically, using which the energy dependences of the dielectric constant, reflectivity, optical conductivity

and the function of characteristic electron losses were calculated. The features of quantum light absorption are

interpreted on the basis of a comparative analysis of experimental and theoretical optical conductivity spectra. The

anomalous behavior of spectral characteristics in the infrared range of the spectrum confirms the semi-metallic

nature of the compounds
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1. Introduction

Intermetallic binary rare earth compounds with V group

p-metals (monopnictides) with a variety of structural,

electric and magnetic properties have been extensively

studied over recent years. A large amount of materials

whose physical properties vary within a wide range from

semiconductor to metallic has been synthesized and studied

(see [1]). Various types of magnetic ordering were found

in these compounds [2,3], and their electronic and crystal

properties are sensitive to high pressure [4,5], substitution

impurities [6,7] and stoichiometry variation [8,9]. Practical

application prospects of REM monopnictides are associated

with properties such as giant magnetoresistance [10,11],

superconductivity [12], high magnetocaloric [13] and mag-

netooptic [14,15] effects. Features of electronic structure of

such compounds allow them to be used as materials for

optoelectronic devices [16,17].

This group of materials is represented by binary nonmag-

netic YBi and LaBi compounds having NaCl type cubic

lattice that transits, to a CsCl type tetragonal structure at

high pressures of 23 and 11.5 GPa, accordingly. Volumetric

collapse in such transition achieves 5% (YBi) and 8.9%

(LaBi) [18,19]. Few experimental studies showed that

features of the temperature dependences of transport pro-

perties of these compounds are explained by a semimetallic

type of conductivity and low concentration of current

carriers [20,21]. Both materials exhibit extremely high

magnetoresistance that achieves about 105% at low tem-

peratures as well as hopping transition to superconducting

state induced by high pressure [22,23].

For YBi and LaBi compounds, band spectra were

calculated using various computational schemes that showed

that the structure of electronic states had some features

near the Fermi energy EF [24–27]. The one of the main

features is a deep gap at EF in densities of states of both

compounds that explains their semimetallic properties and

high thermoelectric capability. Theoretical studies [28–31]
analyze the variation of structural, thermodynamic and

mechanical properties of these compounds when exposed

to temperature and hydrostatic pressure. Recent calcula-

tions [32,33], magnetic and photoemission research [34–36]
have shown that these materials have three-dimensional

topological semimetal properties. Their common feature is

in that the band structure contains anomalous points whose

valence band contacts the conduction band. Such situation

induces a wide range of new physical phenomena related to

volumetric and surface properties.

Doping of these binary intermetallic compounds with

other elements has a considerable effect on their crystalline,

electronic and thermodynamic properties [37,38]. Direc-

tional modifications of physical properties that occur when

an impurity is introduced may be used for optimization

of functional performance of these materials. According

to the calculations [37], partial substitution of yttrium

by lanthanum atoms in YBi considerably modifies the

band spectrum of this compound, density of electronic

states, structural, mechanical and thermodynamic param-

eters. Additional information on the features of energy

band evolution in ternary YxLa1−xBi may be obtained from

spectral investigations. This study investigates optical and

dielectric properties of this system to obtain the data on their

concentration dependence and correlation with electronic
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restructuring. Investigations were performed in a wide

wavelength range, including IR, visible and UV bands.

2. Experiment

The studied polycrystalline YxLa1−xBi (x = 0, 0.25, 0.5,

0.75, 1) samples were prepared by arc melting of stoi-

chiometric proportions of high-purity metals (∼ 99.99%)
in pure argon atmosphere. The arc-melted ingots were

annealed in vacuum 10−5 mm ·Hg at ∼ 800◦C during

10 h. X-ray analysis of powder samples performed in

CuKα-radiation using DRON-6 diffractometer confirmed

that NaCl type cubic structure has formed in all alloys under

study. For binary YBi and LaBi, lattice parameter values

are close to those published before [25,26] and are equal to

a = 6.238 and 6.570 Å. In ternary alloys with x = 0.25, 0.5

and 0.75, the lattice parameter gradually decreases taking

on the values a = 6.489, 6.404 and 6.322 Å respectively.

Flat mirror surfaces of samples required for the optical

experiment were ground and then polished on diamond

pastes with various grain size. Optical constants —
refraction and absorption indices were measured with accu-

racy 2−4% within the wavelength range λ = 0.22−15µm

(E = 0.083−5.64 eV) by the Beattie ellipsometric method

based on the measurement of amplitudes and phase shifts

of reflected light waves s - and p-polarizations. Optical con-
stants were used to calculate the real ε1(E) and imaginary

ε2(E) parts of complex permittivity, reflectivity R(E) and

optical conductivity σ (E) = ε2ω/4π (ω is the light wave

frequency).

3. Results and discussion

Dispersion dependences ε1(E), ε2(E) and R(E) of the

compounds under consideration are shown in Figure 1.

Behavior of these parameters with photon energy variation

is generally specific to metallic media. This is indicated

by negative values of ε1 throughout the frequency range

and by spectra division into intraband and interband optical

absorption regions that is specific to conducting materials.

At the same time, low values of R and |ε1| in the IR

band indicate that metallic properties of these compounds

degrade compared with good metals whose reflectivity

approaches 1 and |ε1| is two to three orders of magnitude

higher [39]. All curves shown in Figure 1 feature wide

structures whose origin is associated with interband light

absorption. Energy position and intensity of these features

depend considerably on the impurity concentration which

is reflected in transformation of the form of the shown

spectra. Growth of yttrium atom content results in the shift

of peaks towards the high-energy area with simultaneous

reduction of their height which is very clearly exhibited in

ε2(E) and R(E).
Spectral dependences of optical conductivity of the

YxLa1−xBi compounds family under study are shown in

Figure 2 (curves are shifted with respect to each other on
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Figure 1. Dielectric functions ε1(E) and ε2(E) and reflectivity

R(E) of YxLa1−xBi.

the y -axis by 20 units). At energies higher than ∼ 1 eV,

dispersion behavior of all curves is defined by quantum

absorption of light as shown by the intensive absorption

bands whose spectral profile varies significantly according

to the compound composition. When σ (E) of binary

intermetallic YBi (upper curve) has one wide band with

its peak near 4 eV, then its shape varies considerably as

lanthanum content grows. A new structure occurs on the

high-energy slope of the band — a
”
shoulder“ that transits

to another less intensive peak as x decreases. Localization

of the main peak gradually moves into the low-energy area

and becomes equal to 2.9 eV for binary LaBi. In the long-

wavelength region, values of σ (E) are quite low and their

slow growth is observed only at energies below ∼ 0.3 eV.

Such behavior of optical conductivity differs drastically

from the Drude dependence σ ∼ 1/ω2 specific to metallic

materials and usually occurring below ∼ 1 eV [39]. Such

abnormal course of dispersion σ (E) in the IR band has

been observed earlier in compounds where the density

of electronic states features a deep decline at the Fermi

level [40,41].

Features of the frequency dependences of optical conduc-

tivity of intermetallic YxLa1−xBi observed experimentally

may be explained qualitatively based on the electronic

spectra calculations performed in [37]. The calculations

have shown that within −10 < EF < 10 eV, Y 4d, 5p,
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Figure 2. Optical conductance of YxLa1−xBi. Circles —
experiment, solid lines — calculation from density of states [37].
The curves are shifted with respect to each other along the y -axis
by 20 units.

La 5d, 6p, 4 f , Bi 6p-bands dominate in the densities of

electronic states N(E) of all compounds. And several inten-

sive peaks are formed due to these bands below and above

the Fermi level. d-bans have high partial densities on both

sides of EF, while p-bands have high partial densities only

at energies below EF. In ternary intermetallic compounds

as well as in LaBi narrow intensive peaks N(E) associated

with La 4 f -bands are localized within 1.4−1.7 eV above EF.

In all compounds, partial contributions of s -states are low

and distributed over a wide energy region. Calculations of

full and partial N(E) show that a deep decline ∼ 2 eV in

width is present and included the Fermi level. This feature

in the densities of states of binary YBi and LaBi is the

cause of low concentration of conduction electrons and high

electrical resistance of these materials [20–23]. Abnormally

low values of the experimental optical conductivity observed

in the low-energy spectrum range also correspond to N(E)
pattern shown in [37] and indicate degradation of metallic

properties in the compounds under cosideration.

Modification of σ (E) spectra in the quantum light absorp-

tion region is caused by successive electronic restructuring

of the compounds during partial substitution of lanthanum

atoms by yttrium atoms [37]. The most considerable

changes in the electronic density of states occur above

the Fermi level within 1−4 eV, where N(E) structure is

defined by hybridized d- and f -bands of the atoms of these

elements. As the lanthanum content increases, the density

of d-states varies just a little, while the intensity of the

peak associated with 4 f -state increases considerably. It is

interesting to compare the experimental optical conductivity

spectra with the corresponding dependences calculated

from the densities of states reported in [37]. Interband

optical conductances of all compounds were calculated

using the method proposed in [42] in accordance with

convolutions of full N(E) below and above EF on the

assumption of equal probability of all types of electronic

transitions. These calculated data are shown in arbitrary
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Figure 3. experimental (circles) and calculated (thick solid lines)
energy dependences of optical conductivity of YBi, Y0.5La0.5Bi

and LaBi. Partial contribution from interband transitions with

participation of La 5d, Y 4d, La 4 f and Bi 6p electronic states are

also shown. The inserts show total densities of states according to

the calculated data in [37].
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Figure 4. Volumetric characteristic electron energy loss functions

of YxLa1−xBi.

units together with the empirical dependences in Figure 2.

Comparison shows qualitative agreement between the the-

oretical and experimental curves. Both for binary and

ternary compounds, the calculations reproduce the main

features and transformation behavior of the spectra when

the impurity content increases. In particular, the calculation

adequately describes localization and width, profile variation

and shit in energy of the main absorption band that occurs

as x varies.

Let us address in detail the origin of wide absorption

bands in σ (E) spectra on the example of binary inter-

metallic YBi and LaBi and Y0.5La0.5Bi with intermediate

composition. According to the densities of electronic states

shown according to [37] in inserts in Figure 3, the origin of

intensive interband absorption is similar in these materials. It

is primarily associated with quantum transitions of electrons

from filled hybridized Y 4d, 5p (La 5d, 6p) and Bi 6p-bands
to free Y 4d (La 5d, 4 f ) energy bands. The corresponding

bands are identified with the high value ranges of N(E) that
have various structures and are separated from each other

by a deep gap. Figure 3 shows, together with interband

optical conductivities calculated from full densities N(E),
the most significant contributions associated with various

electronic states. Thus, in binary YBi the main contribution

to the formation of absorption band is caused by electronic

excitations with participation of Y 4d and Bi 6p-bands. Such
transitions form two wide bands with peaks near 4.3 eV. In

LaBi and Y0.5La0.5Bi, in turn, as follows from the structures

of partial contributions, peaks in σ (E) are caused mainly

by electron transitions from filled states below EF to free

4 f -states. Absorption bands formed by such transitions have

an asymmetrical form with a
”
bulge“ on the high-energy

slope. Thus, frequency dispersion of the optical conductivity

spectra of YxLa1−xBi features mainly the presence of high

interband light absorption at energies higher than ∼ 1 eV

and an abnormally low low-energy contribution. The

structure of σ (E) is qualitatively interpreted by calculations

of the band structure of these materials [37] that predicted
wide (∼ 2 eV) gaps at the Fermi level in the densities of

electronic states and indicates their semimetallic properties.

The complex permittivity components ε1 and ε2 obtained

experimentally allow the volumetric electron energy loss

functions Im(−1/ε) = ε2/(ε
2
1 + ε22) to be calculated for

all compounds. This parameter whose peak occurs at

ε1 → 0 describes discrete electron loss in volumetric plasma

oscillation excitation. Position of the function peak on

the energy scale is used to estimate the plasma frequency

of conduction electrons. Energy dependences Im(−1/ε)
shown in Figure 4 indicate that such peaks are localized of

all compounds near 1.4 eV, that corresponds to the plasma

frequency equal to ωp = 1.8 · 10−15 s−1.

4. Conclusion

Optical properties of a family of semimetallic YxLa1−xBi

(0 ≤ x ≤ 1) with cubic crystalline structure have been

studied in a wide wavelength range, including IR, visible

and UV bands. Using the ellipsometric method, frequency

dependences of dielectric functions, optical conductivity,

reflectivity and electron energy loss were measured. It

has been shown that the behavior of optical conductivity

frequency dispersion in the main band of interband ab-

sorption and the main structural features were satisfactorily

described using previous ab initio band calculations of

these compounds [37]. Abnormally low values of σ (E)
in the long-wavelength band observed for all materials

also correlate with these calculations that have shown the

presence of wide gaps at EF in the densities of electronic

states.
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