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Abstract  
Introduction. Compounds with lanthanum and neodymium (La2Zr2O7 and Nd2Zr2O7) have low thermal conductivity, high 
permittivity and melting point, stability and resistance to defects. They can be used for thermal insulation of metal 
components in turbines and air engines. Also, these compounds are widely studied from the point of view of the 
development of materials science, particularly, for the improvement of laser technology and optics. However, the physical 
properties of La2Zr2O7 and Nd2Zr2O7 have not been sufficiently studied experimentally. This gap is intended to be filled 
by the presented study. The research objective includes model calculations of the electronic structure and optical 
properties of La2Zr2O7 and Nd2Zr2O7. 
Materials and Methods. Based on model calculations within the framework of the density functional theory, the electron-
energy structure of pyrozirconates La2Zr2O7 and Nd2Zr2O7, containing Zr and having the crystal structure of pyrochlore 
was investigated. The parameters of the crystal lattice of La2Zr2O7 taken from the literature were used in the calculations. 
Due to the lack of experimental data, the parameters for Nd2Zr2O7 were calculated by minimizing the forces acting on the 
atoms of the compound. A combined exchange-correlation potential was used, taking into account the strong interactions 
of d- and f-electrons of La and Nd atoms with a correction in the form of a modified Becke-Johnson meta-potential. 
Wien2K software package was used for the calculations. 
Results. The densities of electron states of all atoms of the studied compounds were obtained. The calculated densities of 
valence electron states of the compounds were compared to the experimental X-ray photoelectron spectra. At zero energy, 
the optical characteristics of La2Zr2O7 and Nd2Zr2O7 were calculated. Firstly, it was the permittivity: for La2Zr2O7 — 8.4334, 
for Nd2Zr2O7 — 8.501; secondly, refraction: for La2Zr2O7 — 2.904, for Nd2Zr2O7 — 2.916; thirdly, reflection: for  
La2Zr2O7 — 23.786%, for Nd2Zr2O7 — 23.935%. High optical absorption coefficient (˃105 cm–1) was recorded in the ranges: 
from 5 to 14 eV, from 14 to 28 eV, and from 28 to 40 eV. Peak extinction values were in the ranges from 5 to 13 eV, from 
14 to 28 eV, and from 28 to 40 eV. La2Zr2O7 and Nd2Zr2O7 crystals could absorb photons in a wide energy range (4–10 eV). 
Discussion and Conclusion. The study supplemented the concept of the properties of La2Zr2O7 and Nd2Zr2O7 with new 
experimental data. The densities of electron states and optical spectra of La2Zr2O7 and Nd2Zr2O7 compounds were 
calculated. This made it possible to explain features of the experimental X-ray photoelectron spectra of the compounds. 
In the approximation of the modified Becke-Johnson potential, the values of the widths of the forbidden bands of the 
compounds corresponding to the experimental ones were obtained. The research is fundamental and can open up prospects 
for creating more efficient, reliable and functional materials, laser and optical devices.  

Keywords: electron energy structure, properties of the pyrochlore group, modified Becke-Johnson meta-potential, 
lanthanum and neodymium pyrozirconates, optical properties of La2Zr2O7 and Nd2Zr2O7, X-ray photoelectron spectra 
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Оригинальное теоретическое исследование 

Ab initio расчеты электронно-энергетической структуры и оптических свойств 
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Аннотация 
Введение. Соединения с лантаном и неодимом (La2Zr2O7 и Nd2Zr2O7) обладают низкой теплопроводностью, высокой 
диэлектрической проницаемостью и температурой плавления, стабильностью и устойчивостью к дефектам. Их можно 
применять для теплоизоляции металлических компонентов в турбинах и воздушных двигателях. Также указанные 
соединения широко исследуются с точки зрения развития материаловедения, в частности совершенствования лазер-
ной техники и оптики. Однако физические свойства La2Zr2O7 и Nd2Zr2O7 недостаточно экспериментально изучены. 
Этот пробел призвано восполнить представленное исследование. Цель работы — модельные расчеты электронной 
структуры и оптических свойств La2Zr2O7 и Nd2Zr2O7. 
Материалы и методы. На основе модельных расчетов в рамках теории функционала плотности исследована 
электронно-энергетическая структура пироцирконатов La2Zr2O7 и Nd2Zr2O7, содержащих Zr и имеющих кристал-
лическую структуру пирохлора. В расчетах использовались взятые из литературы параметры кристаллической 
решетки La2Zr2O7. Из-за отсутствия экспериментальных данных параметры для Nd2Zr2O7 рассчитывались через 
минимизацию сил, действующих на атомы соединения. Применяется комбинированный обменно-корреляцион-
ный потенциал, учитывающий сильные взаимодействия d- и f-электронов атомов La и Nd с поправкой в форме 
модифицированного метапотенциала Беке-Джонсона. Для расчетов использовался пакет программ Wien2K. 
Результаты исследования. Получены плотности электронных состояний всех атомов исследованных соедине-
ний. Сравниваются рассчитанные плотности валентных электронных состояний соединений с эксперименталь-
ными рентгеновскими фотоэлектронными спектрами. При нулевой энергии рассчитаны значения оптических ха-
рактеристик La2Zr2O7 и Nd2Zr2O7. Во-первых, это диэлектрическая проницаемость: для La2Zr2O7 — 8,4334, для 
Nd2Zr2O7 — 8,501. Во-вторых, преломление: для La2Zr2O7 — 2,904, для Nd2Zr2O7 — 2,916. В-третьих, отражение: 
для La2Zr2O7 — 23,786 %, для Nd2Zr2O7 — 23,935 %. Высокий оптический коэффициент поглощения (˃105 см–1) 
фиксируется в областях: от 5 до 14 эВ, от 14 до 28 эВ и от 28 до 40 эВ. Пиковые значения экстинкции приходятся 
на области от 5 до 13 эВ, от 14 до 28 эВ и от 28 до 40 эВ. Кристаллы La2Zr2O7 и Nd2Zr2O7 могут поглощать фотоны 
в широком диапазоне энергий (4–10 эВ). 
Обсуждение и заключение. Исследование дополнило представления о свойствах La2Zr2O7 и Nd2Zr2O7 новыми 
экспериментальными данными. Рассчитаны плотности электронных состояний и оптические спектры соедине-
ний La2Zr2O7 и Nd2Zr2O7. Это позволило объяснить особенности экспериментальных рентгеновских фотоэлек-
тронных спектров соединений. В приближении модифицированного потенциала Беке-Джонсона получены зна-
чения ширин запрещенных полос соединений, соответствующие экспериментальным. Исследование относится к 
фундаментальным и может открыть перспективы создания более эффективных, надежных и функциональных 
материалов, лазерных и оптических устройств. 

Ключевые слова: электронная энергетическая структура, свойства группы пирохлоров, модифицированный 
метапотенциал Беке-Джонсона, оптические свойства La2Zr2O7 и Nd2Zr2O7 
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Introduction. Lanthanum and neodymium pyrozirconates — La2Zr2O7 and Nd2Zr2O7 — belong to the pyrochlores group. 
The general formula of these materials is A2B2O7. A and B are metallic cations that can be trivalent (like La and Nd), tetravalent 
(like Zr), divalent, and pentavalent [1]. Pyrochlores have high dielectric constant. They exhibit unique magnetic [2], chemical, 
mechanical and electronic [3] properties. Due to this, they can be used as: 

− ceramic coatings of thermal barriers, gas sensors, metal oxide transistors; 
− solid electrolytes in fuel cells [4]; 
− immobilization carriers of actinides in nuclear waste; 
− catalysts of oxidation reactions [5]; 
− elements of magnetic devices. 
The research described in this paper was conducted taking into account the development of new technologies in the 

laser technology, optics and materials science [6]. The results of the work may open the way to the creation of more 
efficient, reliable and functional devices [7]. The studied oxides of complex chemical composition have significant 
stability, high melting point, high coefficient of thermal expansion [8], low thermal conductivity, excellent ionic 
conductivity, and resistance to defects [9]. From the practical perspective, it is important to use pyrochlores Ln2Zr2O7 as 
coatings to provide thermal insulation of metal components from hot gases [10] in turbines of marine electric generators 
and in aircraft engines [11]. 

Numerous papers (e.g., [12]) investigated physical properties of pyrochlores, including mechanical and thermal ones. 
However, some of their properties are very difficult to evaluate and explain due to their strong dependence on the 
stoichiometry of the samples [10]. Calculations of the electron-energy structure of various pyrochlores were performed 
within the framework of the density functional theory (e.g., [13]). These calculations used exchange-correlation potentials 
obtained in the local density approximation, the generalized gradient approximation, and pseudopotentials. 

In [13], the importance of the Hubbard correction in calculating the unoccupied d- and f-states of heavy atoms is noted [14]. 
Nevertheless, even taking into account the correction, the width of the forbidden band obtained in the calculations often turns 
out to be smaller than the experimentally observed one [15]. Additional corrections must be taken into account, and this is 
exactly what the authors of the presented work have done. 

Thus, additional experimental and theoretical studies on the electron-energy structure and physical properties of 
pyrochlores are quite relevant and have practical significance. 

Let us consider the crystal structure of pyrochlore La2Zr2O7 (space group Fd-3m, Z = 8) with the general formula 
Ln2

3+Zr2
4+O16O2 (O1 and O2 are oxygen atoms located in different crystallographic positions). It can be described as a 

structure of defective fluorite, in which the cations form a face-centered cubic (fcc) lattice, and 1/8 of the oxygen atom 
positions are unoccupied to provide charge neutrality (Fig. 1). 

    
a)  b)  c)  d)  

Fig. 1. Crystal structure and immediate environment of atoms in pyrochlore La2Zr2O7: 
a — unit cell in compound La2Zr2O7; b — immediate environment of La atom; 

c — immediate environment of Zr atom; d — immediate environment of oxygen atoms O1 and O2. 
Distances between atoms are given in Å 

Atoms in the crystal structure of La2Zr2O7 are distributed over four unique crystallographic positions: 
− La cations are in Wyckoff positions 16d; 
− Zr cations are in positions 16c; 
− oxygen O1 is in position 48f; 
− oxygen O2 is in position 8b. 
The positions of 8а nodes (1/8, 1/8, 1/8) are not occupied at all. Oxygen ions O2 in 8b nodes (3/8, 3/8, 3/8) are stable 

and tetrahedrally coordinated by the rare earth element cations La. 
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Oxygen ions О1 in positions 48f (x, 1/8, 1/8) are shifted towards the neighboring empty nodes 8а, and they are 
surrounded by two La cations and two Zr cations (Fig. 1) [16]. The immediate environment of La cations consists of six 
oxygen atoms O1 (positions 48f) and two oxygen atoms О2 (positions 8b). La-O2 interatomic distance is shorter than  
La-O1 distance. Zr cations (Fig. 1) are surrounded by six О1 atoms (positions 48f), located at equivalent distances in 
trigonal antiprisms with 3m (D3d) point symmetry. 

The crystal structures of Nd2Zr2O7 and La2Zr2O7 compounds coincide. Table 1 shows the crystal lattice parameters of 
the studied pyrochlores Ln2Zr2O7 (Ln = La, Nd) with the space group Fd-3m, for which a = b = c, α = β = γ = 90°. For 
La2Zr2O7, parameter a and the coordinates of oxygen O1 are taken from [15], and for Nd2Zr2O7, they are calculated. The 
total energy of the crystal with different values of a was calculated, and the optimal value corresponding to the minimum 
of the total energy was determined. Then, the oxygen atoms were displaced within the unit cell and the position, for which 
the forces acting on the atoms became minimal, was determined. 

Table 1 
Crystal Structure Parameters of the Studied Compounds 

Compound, lattice parameter Wyckoff symbols x/a y/b z/c 

La2Zr2O7 a = 10.793 Å [15] 

La 16d 0.50000 0.50000 0.50000 

Zr 16c 0.00000 0.00000 0.00000 

O1 48f 0.33002 0.12500 0.12500 

O2 8b 0.37500 0.37500 0.37500 

Nd2Zr2O7 a = 10.6565 Å 

Nd 16d 0.50000 0.50000 0.50000 

Zr 16c 0.00000 0.00000 0.00000 

O1 48f 0.33520 0.12500 0.12500 

O2 8b 0.37500 0.37500 0.37500 

Thus, some physical properties of pyrochlores, as well as the structure of compounds Nd2Zr2O7 and La2Zr2O7, have 
been considered in scientific literature in sufficient detail. However, physical properties of La2Zr2O7 and Nd2Zr2O7 have 
not been sufficiently studied experimentally. The presented research is intended to fill this gap. The objective of the work 
is to perform model calculations of the electronic structure and optical properties of La2Zr2O7 and Nd2Zr2O7.  

Materials and Methods. Ab initio calculations of the electron-energy structure (EES) of La2Zr2O7 and Nd2Zr2O7 were 
performed within the framework of the density functional theory. The method of augmented plane waves with the addition 
of local orbitals APW+lo was used. For the implementation, WIEN2k [17] software package was applied, which used a 
full potential that did not have a predetermined form, such as muffin-tin potential. 

When constructing the attached plane wave, we used the expansion by l inside the atomic sphere up to lmax = 10. The 
following radii of the atomic spheres were used in the present calculations: R(La) = 2.24 a.u., R(Nd) = 2.26 a.u., 
R(Zr) = 1.96 a.u., R(O) = 1.78 a.u. (1 a.u. = 0.529117 Å). The series of the expansion in plane waves was interrupted at the 
values of the wave vector determined by the relation Rmin

MT kmax = 7, where Rmin — radius of the minimal atomic sphere. 
The charge density decomposed into a Fourier series up to value Gmax = 12 (a.u)–1. The densities of electron states were 
obtained through integrating over 1,000 k⃗ points in the irreducible Brillouin zone (BZ) using the tetrahedron method [18]. 
The self-consistency procedure was carried out until the change in the integral charge q = ∫|ρn – ρn–1|dr became less than 
q ≤ 0.0001. Here, ρn–1(r) and ρn(r) are the electron densities obtained at iterations n–1 and n, respectively.  

To calculate the exchange-correlation potential, the following were used: 
−  generalized gradient approximation (GGA) in the parameterization proposed in [19]; 
− modified Becke-Johnson potential, mBJ [20]. 
In addition to the above exchange-correlation potentials, the EES calculations took into account the strong Coulomb 

interaction of f- electrons at one node Nd [21] in PBE+U approximation [22] with U = 5eV. Thus, in the final version, the 
exchange-correlation potential models were used PBE+U and mBJ+U [23]. 
  

https://vestnik-donstu.ru/
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Nd2Zr2O7 has an incomplete 4f-shell with four f-electrons, therefore, a spin-polarized EES calculation was performed. 
For La, Nd and Zr atoms, spin-orbit coupling (SOC) was taken into account. It resulted in splitting: 

− 5p-states of La and Nd into 5p1/2 and 5p3/2 states; 
− 4p6-states of Zr into 4p1/2 and 4p3/2 states. 
Research Results. The paper calculates the total and partial densities of electron states (DOS). Atom La has  

no f-electrons, while atom Nd has four f-electrons. Despite this difference, in the first approximation, the calculated total 
densities of electron states and the experimental X-ray photoelectron spectra of the valence bands of the studied 
compounds demonstrate a similar structure — four regions reflecting the contributions of s-, p-, d- and f-electrons of 
different elements [23]. 

Figure 2 provides comparing the experimental X-ray photoelectron spectrum (XPS) to the calculated total and partial 
densities DOS for compound La2Zr2O7, and Figures 3–5 — for Nd2Zr2O7. Zero of the energy scale corresponds to the top 
of the valence band EV. The spectra were obtained at the Frantsevich Institute for Problems of Materials Science, National 
Academy of Sciences of Ukraine (Kyiv). The experimental features and equipment are described in [24]. 

 

Fig. 2. Total and partial densities of states (DOS) calculated in GGA–PBE–SOC  
approximation in comparison with experimental X-ray  

photoelectron spectrum (XPS) of valence band of compound La2Zr2O7  

In Figure 2, in compound La2Zr2O7, region 1 is shown— the upper part of the valence band from 0 to 4 eV. This region is 
formed mainly by 2p-states of oxygen with a small admixture of 4d-states of Zr, 5s-states of Zr, and 6s- and 5d-states of La. 
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Fig. 3. Total densities of states (DOS) calculated in GGA–PBE+U+SOC  

approximation with spin up and spin down in comparison  
with the experimental X-ray photoelectron spectrum (XPS)  

 
Fig. 4. Total and partial densities of states (DOS) of electrons for spin up in Nd2Zr2O7  

calculated in GGA–PBE+U+SOC approximation 

Here, in Nd2Zr2O7, at the top of the valence band, f-states of Nd with spin up are located. X-ray photoelectron spectrum 
(XPS) confirms the calculation. It is seen that the broad peak closest to the top of the valence band with elements A1 and А2 
in La2Zr2O7 and A in Nd2Zr2O7 corresponds to 2p-states of oxygen atoms O1 and O2. 

https://vestnik-donstu.ru/
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Fig. 5. Total and partial densities of states (DOS) of electrons for spin down in Nd2Zr2O7  

calculated in GGA–PBE+U+SOC approximation  

In regions 2, 12–18 eV from Ev in XPS, there is also a broad peak with features B1, B2 and C for La2Zr2O7 and B for 
Nd2Zr2O7. The theoretical calculation shows the entire fine structure that forms the peak in XPS. 5p6-states of La and Nd 
are split into 5p1/2- and 5p3/2-states. This splitting is already evident in free atoms La and Nd [25]. 

The spin-orbit splitting in a free atom is also present in a solid (Fig. 2) in the third panel from the bottom for the partial 
states of La. It is the spin-orbit splitting of the 5p-states of La that leads to the splitting of the 2s-states of oxygen. This is 
clearly seen in the very bottom panel of Figure 2, where the partial states of oxygen are shown. As Figure 2 shows, in the 
energy region ~12–18 eV, the deep-lying 5p-states of La interact with the 2s-states of oxygen. This interaction of deep-
lying states in a solid is unusual and is related primarily to: 

− spin-orbit splitting of the 5p-states of La; 
− the fact that the 2s-wave function of oxygen is spatially and energetically strongly stretched. 
The presence of structural elements B1, B2 and С in the X-ray photoelectron spectrum coincides well with the 

calculations of the peak in the partial densities of the electron states of La and O. 
The third energy region (from 24 to 27 eV) from Ev — peaks D1 and D2 in the X-ray photoelectron spectrum of La2Zr2O7, 

С — in the spectrum of Nd2Zr2O7. This region corresponds to the 4p-states of Zr, which are split in the atom into: 
− 4p1/2-state with energy 35 eV (N2); 
− 4p3/2-states with energy 33 eV (N3). 
In the XPS curve of La2Zr2O7, the splitting of the 4p-states of Zr is manifested as an asymmetry of the lines with 

elements D1 and D2. 
The deepest states of the valence bands of La2Zr2O7 and Nd2Zr2O7 are already semi-core states. The fourth energy 

region in the XPS spectrum (small peak E in Fig. 2, 3) is the 5s-states of La and Nd. Note that La 5s-state in La2Zr2O7 is 
not split compared to the 5s-states of Nd with different spin directions (Fig. 3). The splitting of the 5s-states of Nd for 
spin up and spin down occurs under the action of the internal magnetic field. It is created by four 4f-electrons, which are 
aligned identically with spin up according to Hund's rule [26]. The broad influx of D in the XPS spectrum (Fig. 3) 
corresponds to the 5s-states of Nd. 

The energy distribution of the electron states in the valence band La2Zr2O7 correlates well with the electronegativity 
(EN) values of the elements [27] included in this compound (Table 2). 
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Table 2 
Electronegativity of Elements Included in the Compounds under Study [27] 

Element O Zr La Nd Sm Eu Gd 
EN 3.44 1.33 1.10 1.14 1.17 1.20 1.20 

Thus, oxygen has the highest EN (3.44), therefore, it is quite natural that the upper part of the valence band is formed 
by the 2p-state of O. The admixture of the 4d- and 5s-states of Zr to the 2p-states of oxygen is insignificant, since  
the Zr-O1 bond is predominantly ionic in nature. The electronegativity of oxygen (EN = 3.44) is significantly higher than 
that of Zr (EN = 1.33). Due to this, the 4d- and 5s-electron densities of Zr are apparently attracted to the oxygen atom 
(O1), which is typical for the octahedral environment of the Zr atom by О1 atoms. There are also six О1 atoms in the 
environment of the La atom. The electronegativity of La (EN = 1.1) is significantly less than ENS = 3.44. Admixture of 
5d- and 6s-states of La is almost not observed. The bond between La and О1 atoms is predominantly ionic in nature, the 
share of covalence in this bond is very small. 

The bottom of the conduction band in both compounds is formed mainly by unoccupied f- and d-states of La/Nd, as 
well as d-states of Zr (Fig. 2, 4, 5). 

A well-known problem of calculations using the exchange-correlation potential in the GGA-approximation is the 
underestimation of the obtained value of the band gap. For some non-conducting compounds, the calculations even give 
a conducting state or, as in the case of Nd2Zr2O7 in this calculation, a zero value of the band gap. Taking into account the 
strong interaction of f- electrons in Nd atom, e.g., within the framework of the LDA+U (or GGA+U) approximation in the 
EES calculations of Nd2Zr2O7, leads to the appearance of a small forbidden band, but the value close to the experimental 
one can be obtained either in calculation schemes that consider multi-electron phenomena, or by using hybrid or 
metapotentials, such as the modified Becke-Johnson potential (mBJ) [28]. 

Table 3 gives the values of the widths of the forbidden bands Eg. They were calculated taking into account the spin-orbit 
splitting (SOC) of the electron states in the La and Nd atoms in the GGA–PBE approximations for La2Zr2O7 (GGA–PBE+SOC) 
and GGA+PBE+U+SOC (with U = 5eV for 4f-states of Nd) for Nd2Zr2O7. 

Table 3 
Calculated Values of the Widths of Prohibited Bands Eg 

Compound Exchange-correlation potential Eg, eV 
La2Zr2O7 GGA–PBE+SOC 3.928 
Nd2Zr2O7 GGA–PBE+U+SOC 3.393 

The complex dielectric function ε(ω) = ε1(ω) + iε2(ω) — the most important characteristic for calculating the optical 
response of materials to electromagnetic impact. The dielectric function, in principle, should include both transitions 
between bands and transitions within a band. Interband transitions are divided into direct and indirect. In these 
calculations, two factors are ignored. The first is intraband transitions, since they are important for metals, and the 
compounds under study are semiconductors. The second is the contribution of phonons and other quasiparticles included 
in indirect interband transitions. Only direct transitions between occupied and unoccupied states are considered. The cubic 
symmetry of the pyrochlore crystal structure determines only three non-zero (diagonal) elements of the dielectric tensor, 
and the values of all three of these elements are the same. 

The calculated curves of the actual ɛ1(ω) and imaginary ɛ2(ω) parts of the permittivity for La2Zr2O7 and Nd2Zr2O7 are 
shown in Figure 6. 

  
a) b) 

Fig. 6. Calculated actual (ε1) and imaginary parts of permittivity: a — La2Zr2O7; b — Nd2Zr2O7 
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The spectral peaks of the absorbing part of the dielectric function correspond to the allowed dipole transitions between 
the valence band and the conduction band. To identify the fine structure elements, it is required to compare the values of 
the optical matrix elements. The observed structures correspond to those transitions that have large values of the optical 
matrix dipole transition elements. When calculating ɛ2(ω), only dipole transitions within the atom, i.e., without crossover 
transitions, were taken into account. The interpretation of peaks A, B, C, D, E, F in Figure 6 for ɛ2(ω) is given in Table 4. 

Table 4 
Interpretation of Major Peaks ɛ2(ω) 

Compound  Peak  Energy, eV Atom Transition 

La2Zr2O7 

A ≈ 5 O p → s(d) 
B ≈ 8 O p → s 
C ≈ 10 O p → s 

D ≈ 20 
O 
La 

p → s 
5p → d 

E ≈ 30 Zr 4p → d 

Nd2Zr2O7 

A 5.07 O p → s 
B 7.8 O p → s 
C 10.2 O p → s 
D 
E 

19.09 
24.02 

O 
Nd 

p → s 
5p → d 

F 30.11 Zr 4p → d 

Figure 6 shows the process when electrons of p-symmetry in the upper part of the valence band (peak А in XPS) pass 
to states of s- and d-symmetry in the conduction band of the oxygen atom. This is how the highest peak of the curve of 
the imaginary part of the dielectric function ɛ2(ω) is formed, covering the range 5–8 eV. 

The second and third highest peaks of the curve ɛ2(ω) — B and C with energies 8.28 and 9.86 eV, respectively. They 
are caused by transitions of oxygen valence p- electrons to free states of oxygen s-symmetry. Let us consider the wide 
maximum D on the curve ɛ2(ω). The “picket-fence” of small additional peaks appeared due to transitions of oxygen  
s-symmetry electrons to free states of oxygen p-symmetry. In addition, in peak D (energy  ̴20 eVВ), there is a contribution 
from the transitions of the valence 5p-electrons of La to the vacant d-states of La in the conduction band. Finally, small 
peak Е (energy  ̴30 eV) corresponds to the transition of the valence 4p-electrons of Zr to the unoccupied d-states of Zr. 
At zero energy, the calculated value ɛ2(0) for La2Zr2O7 is 8.4334, and for Nd2Zr2O7 — 8.501. 

All other optical properties can be derived from ɛ1(ω) and ɛ2(ω). These include, for example: absorption coefficient α(ω), 
refractive index n(ω), extinction coefficient k(ω), optical reflectivity R(ω), and energy loss spectrum L(ω) [28]. 

The high optical absorption coefficient α(ω) ˃ 105 cm–1 [29] is recorded in three clearly defined regions: from 5 to 14 
eV, from 14 to 28 eV and from 28 to 40 eV (Fig. 7). Apparently, such absorption may indicate the potential of using  
thin-film elements from La2Zr2O7 and Nd2Zr2O7. 

  
a) b) 

Fig. 7. Calculated absorption coefficient α(ω): a — La2Zr2O7; b — Nd2Zr2O7  
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In addition, the optical absorption spectrum is characterized by a large number of peaks. They are formed due to 
transitions between occupied levels of the valence band and free levels of the conduction band, allowed by the selection 
rules (Δl ≠ 0) and related to one atom (cross-transitions between neighboring atoms are unlikely). Such a picket-fence of 
small peaks on the curve а(ɷ) is undoubtedly related to the features of the above-described electron-energy structure of 
La2Zr2O7 and Nd2Zr2O7. Probably, it should be taken into account when using these compounds in optoelectronics. 

The complex refractive index N(ω) = n(ω) + ik(ω) can be obtained from the complex dielectric function ɛ(ω), where 
the refractive index n(ω) depends mainly on the actual part ɛ1(ω), and the extinction coefficient k(ω) depends on the 
imaginary part of the dielectric function ɛ2(ω) [30]. 

  
a) b) 

Fig. 8. Calculated refractive index n(ω) and extinction coefficient k(ω): a — La2Zr2O7; b — Nd2Zr2O7  

At zero energy, the calculated value n(0) (static refractive index) for La2Zr2O7 is 2.904, and for Nd2Zr2O7 — 2.916. 
The extinction coefficient k(ω), responsible for the absorption of the electromagnetic wave incident on the crystal, is 

obtained from the imaginary part of the dielectric function ɛ2(ω) (Fig. 6). Therefore, there are also three regions where 
value k(ω) increases from 5 to 13 eV, from 14 to 28 eV and from 28 to 40 eV. The attenuation of the intensity, represented 
by the extinction coefficient k(ω), starts with a decrease in the function n(ω) (Figс. 8). La2Zr2O7 and Nd2Zr2O7 crystals 
can absorb photons in a wide energy range (4–10 eV). 

In general, the extinction coefficient of La2Zr2O7 and Nd2Zr2O7 is not isotropic and has three well-defined regions 
(energies are given above) where isotropic behavior of k(ω) is not observed. In these regions, the difference in k(ω) 
values is 25–50%. 

The reflection coefficient R(ω) is shown in Figure 9. The spectrum R(ω) consists of three clearly defined energy 
regions. The same feature was noted for other optical characteristics. At zero energy, the calculated value R(0) for 
La2Zr2O7 is 23.786%, and for Nd2Zr2O7 — 23.935%. 

  
a) b) 

Fig. 9. Calculated reflection coefficient R(ω): a — La2Zr2O7; b — Nd2Zr2O7  

It is evident from Figure 8 that incident photons with energy lower than the energy of the forbidden gap (̴ 4 eV) are 
not absorbed. Photons with energy from 4 eV to ̴ 40 eV are absorbed by La2Zr2O7, Nd2Zr2O7 crystals and excite electrons 
in the conduction band, while positively charged holes are formed in the valence band. However, part of the photon energy 
will be lost during thermalization, and it is reflected in the electron energy loss spectrum L(ω) shown in Figure 10. 
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a) b) 

Fig. 10. Calculated spectrum of electron energy losses: a — La2Zr2O7; b — Nd2Zr2O7  

The energy loss of the electron becomes significant at 14 eV (small peak),  ̴27 eV,  ̴33.5 eV. The largest value L(ω) is 
reached at 39 eV, which corresponds to a sharply decreasing edge of the absorption coefficient а(ɷ) (Fig. 7). 

Discussion and Conclusion. The calculation of the electron density states of the valence bands of La2Zr2O7, Nd2Zr2O7 
gave two results: 

− allowed us to explain all the main features of the experimental X-ray photoelectron spectra of these compounds in 
the energy range of ~35 eV from the top of the valence band; 

− showed which electron symmetry determined the main features of the experimental spectra. 
Together with the obtained densities of unoccupied states, the calculated densities of occupied states allowed us to 

define the optical coefficients of the compounds studied. It is extremely important to take into account the corrections in 
the exchange-correlation part of the potential (GGA+U, mBJ). Only with them it is possible to obtain the values of the 
widths of the forbidden bands that correspond to the experimental data. For Nd2Zr2O7, calculations without corrections 
generally show a non-zero density of states at the Fermi level. 
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