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Abstract  
Introduction. Modern quantum and optoelectronics, as well as nonlinear optics, place high demands on the physical and 
chemical properties of the materials used. This necessitates, among other things, the search for new materials that possess 
the properties required for a given application. At the same time, this approach can complicate the composition and crystal 
structure of the resulting compounds. The electronic structure of complex compounds determines their electrical, optical, 
magnetic, and chemical properties. These properties are unique to each compound. However, it is known that different 
compounds that are similar in some important parameters, for example isoelectronic ones, exhibit similarities in the 
structure of their electronic shells. The accumulation of such information on individual compounds and their groups 
necessitates generalizing the data obtained. The research objective is to consider some general characteristics of the 
electronic structure exhibited by groups of different compounds (chalcogenides, halides, and oxides). 
Materials and Methods. The subject of study was three groups of compounds: chalcogenides Tl3TaS4, Tl3PS4, Sn2P2S6, 
InPS4, Cu2CdGeS4, Ag2CdSnS4, Ag2HgSnS4, halides Cs2HgX4 (X = Cl, Br, I), group APb2Br5 (A = K, Rb), and oxides 
La2Zr2O7, Nd2Zr2O7, Sm2Zr2O7, Eu2Zr2O7, Gd2Zr2O7. The research method involved quantum-mechanical calculations 
within the framework of density functional theory with various exchange-correlation potentials. Potentials were used that 
allowed for strong correlations between d- and f-electrons and yield a band gap value close to the experimental value. 
Results. Quantum-mechanical calculations of the electronic state densities and optical characteristics of a number of 
chalcogenides, halides, and oxides were performed. Partial and total electron densities of states (DOS) were presented. 
The total density of states was compared with experimental X-ray photoelectron spectra (XPS). The validity of the 
calculation results was confirmed. The top of the valence band was formed by the p-states of the most electronegative 
elements (S, Se, Te, Br, O), whereas the bottom of the valence band was formed by the s-states of these same 
electronegative elements. 
Discussion. Based on the calculations, general conclusions were drawn regarding the similarities in the valence band 
structure of the compounds considered. Using the compound Tl3TaS4 as an example, it was shown that in a solid, 
compared to the energies in a free atom, the binding energy of the levels for electronegative elements was significantly 
reduced, while for electropositive elements, it was increased. A rare-earth element (using Eu2Zr2O7 as an example) 
significantly altered the electron-energy structure, such that the electron states of the rare-earth element (4f-, 5p-) and the 
5s-states of europium (Eu) altered the structure of the valence band of pyrochlore (Eu2Zr2O7). The calculated total and 
partial DOS were compared with experimental X-ray and X-ray photoelectron spectra, which confirmed the accuracy of 
the calculations. However, the calculated DOS curves contained numerous fine-structure elements that were obscured by 
instrumental distortion in the experimental curves. Thus, the calculation complemented the experiment very well, 
providing a more detailed picture of the electron-energy structure of the studied compounds. 
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Conclusion. The research objective was achieved: some general characteristics of the electronic structure exhibited by 
groups of different compounds (chalcogenides, halides, and oxides) were examined. The problems of identifying the 
states that determined the features of the electronic structure and optical characteristics of the studied groups of 
compounds were solved. This research can be used in the modeling of new materials with desired properties. 

Keywords: pyrochlores, electron-energy structure, density functional theory, exchange-correlation potentials, optical 
properties  
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Аннотация 
Введение. Современная квантовая и оптоэлектроника, нелинейная оптика предъявляют высокие требования к 
физико-химическим характеристикам используемых материалов. Это заставляет в том числе искать новые мате-
риалы, которые обладали бы свойствами, необходимыми в той или иной области применения. Но при таком под-
ходе могут усложняться состав и кристаллическая структура полученных соединений. Электронная структура 
сложных соединений определяет их электрические, оптические, магнитные, химические свойства. Эти свойства 
являются индивидуальными для каждого соединения. Тем не менее, известно, что разные, но близкие по каким-
то важным параметрам соединения, например изоэлектронные, обладают подобием в строении своих электрон-
ных оболочек. Накопление такой информации по отдельным соединениям и их группам приводит к необходимо-
сти обобщения полученных данных. И цель настоящей работы — рассмотреть некоторые общие характеристики 
электронной структуры, проявляемые группами разных соединений (халькогенидов, галогенидов и оксидов).  
Материалы и методы. Предметом изучения были три группы соединений: халькогениды Tl3TaS4, Tl3PS4, 
Sn2P2S6, InPS4, Cu2CdGeS4, Ag2CdSnS4, Ag2HgSnS4, галогениды Cs2HgX4 (X = Cl, Br, I), группа APb2Br5 (A = K, 
Rb) и оксиды La2Zr2O7, Nd2Zr2O7, Sm2Zr2O7, Eu2Zr2O7, Gd2Zr2O7. Метод исследования — квантово-механические 
расчеты в рамках теории функционала электронной плотности с различными обменно-корреляционными потен-
циалами. Использовались потенциалы, позволяющие учитывать сильные корреляции d- и f-электронов и полу-
чать значение ширины запрещенной зоны, близкое к экспериментальному. 
Результаты исследований. Проведены квантово-механические расчеты плотностей электронных состояний и 
оптических характеристик ряда халькогенидов, галогенидов и оксидов. Приведены парциальные и полные плот-
ности электронных состояний (Densities of States — DOS). Выполнено сравнение полной плотности состояний с 
экспериментальными рентгеноэлектронными спектрами (X-ray photoelectron Spectra — XPS). Подтверждена 
адекватность результатов проведенных расчетов. Вершину валентной полосы формируют p-состояния наиболее 
электроотрицательных элементов (S, Se, Te, Br, O), в то время как дно валентной полосы образовано s-
состояниями также электроотрицательных элементов. 
Обсуждение. По результатам проведенных расчетов сделаны обобщающие выводы о сходстве в строении ва-
лентной полосы рассмотренных соединений. На примере соединения Tl3TaS4 показано, что в твердом теле, по 
сравнению с энергиями в свободном атоме, для электроотрицательных элементов энергия связи уровней значи-
тельно уменьшается, а для электроположительных — увеличивается. Редкоземельный элемент (в качестве при-
мера взят Eu2Zr2O7) вносит существенные дополнения в картину электронно-энергетического строения, так что 
электронные состояния редкоземельного элемента (4f-, 5p-) и 5s-состояния европия (Eu) изменяют строение ва-
лентной полосы пирохлора (Eu2Zr2O7). Рассчитанные в работе полные и парциальные плотности электронных 
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состояний (DOS) сравнивались с экспериментальными рентгеновскими и рентгеноэлектроными (XPS)  
спектрами, которые подтвердили адекватность проведенных расчетов, при этом на рассчитанных кривых DOS 
имеются многочисленные элементы тонкой структуры, «замазанные» за счет аппаратурного искажения на экс-
периментальных кривых. Таким образом, расчет очень хорошо дополняет эксперимент, давая более детальную 
картину электронно-энергетического строения исследованных соединений. 
Заключение. Достигнута цель исследования — рассмотрены некоторые общие характеристики электронной 
структуры, проявляемые группами разных соединений (халькогенидов, галогенидов и оксидов). Решены задачи 
выявления состояний определяющих особенности электронной структуры и оптических характеристик исследо-
ванных групп соединений. Исследование может быть использовано при моделировании новых материалов с за-
данными свойствами. 

Ключевые слова: пирохлоры, электронно-энергетическая структура, метод функционала плотности, обменно-
корреляционные потенциалы, оптические свойства 
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механических расчетов. Advanced Engineering Research (Rostov-on-Don). 2026;26(1):2283. 
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Introduction. The tasks of semiconductor materials science include obtaining reliable information on the electron-
energy structure and chemical bonding, as well as the optical characteristics of complex semiconductors, based on 
quantum-mechanical calculations and experimental X-ray and X-ray electron spectra. The advantage of using 
computational models is the ability to study hypothetical, not yet synthesized [1] compounds, as well as the elimination 
of the need to create suitable samples before starting the research. The objective of this work is to summarize the results 
of studies of various groups of compounds using reliable, widely validated computational models. Various exchange-
correlation potentials were applied in the calculations, but the results closest to the experimental data were previously 
obtained using the modified Beke-Johnson (mBJ) potential of Tran and Blaha, with the addition of the Hubbard U 
correction for the strong interaction of electrons in the d- and f-shells, as well as taking into account the spin-orbital 
coupling (SOC), specifically for the shells of heavy elements. All references to the original articles of the authors of the 
approximations made in the calculations can be found in [1–4]. 

A comprehensive literature review of the properties and all studies of the electronic structure using both experimental 
and theoretical calculation methods was conducted for all the compounds studied. The review has shown the following. 
The Tl3TaS4 compound belongs to the materials used in devices based on the application of surface acoustic waves 
(SAW) [5]. It is widely used in nonlinear optics and communication devices, such as mobile telephone and television 
communications [6]. To meet modern technological requirements, research on improving SAW materials should be 
continued. Several experiments have been previously conducted to study the optical absorption edge, electronic structure, 
and chemical bonding features in Tl3TaS4 [7]. However, the accuracy of the obtained experimental values of the optical 
band gap and the absorption coefficient is significantly affected by the difficulties of observing d-orbitals over a wide 
energy range and a number of external factors [8]. The electronic structure and optical properties of Tl3TaS4 can be studied 
in detail based on ab initio calculations, which have been intensively developed and have proven their ability to reproduce 
reliable properties of materials [9]. The Eu2Zr2O7 compound belongs to the group of pyrochlores with the general formula 
A2B2O7, where A and B are metal cations, which can be trivalent (Eu) and tetravalent (Zr) [10]. Pyrochlores have 
significant dielectric constant. They exhibit unique magnetic [11], chemical, mechanical, and electrical properties [12]. 
Due to this, they can be used as ceramic coatings for thermal barriers, gas sensors, metal oxide transistors, solid 
electrolytes in toxic cells [13], as immobilization carriers of actinides in nuclear waste, and catalysts for oxidation 
reactions [14]. In order to create more efficient, reliable and functional devices based on pyrochlores [15], studies were 
conducted taking into account the development of new technologies in the laser engineering, optics, and materials 
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science [15]. Calculations of the electron-energy structure of various pyrochlores were also performed within the 
framework of the density functional theory [16], using the exchange-correlation potential in the local density 
approximation (LDA) and the generalized gradient approximation (GGA). In [16], the importance of considering the 
Hubbard U correction when calculating the energy of d- and f-states was noted. However, it was not possible to obtain in 
the calculations the values of the band gap width Eg, comparable with the experimental ones (the calculated values were 
underestimated compared to the experimental ones). 

To obtain a reliable picture of the electron energy bands in the studied pyrochlore Eu2Zr2O7, and then calculate the 
optical characteristics of this crystal, it was required to use other approximations to the exchange-correlation potential. 

Thus, judging by the data presented in the scientific literature, numerous calculations were performed, but they 
required improvement of the approximations used (this is especially true for exchange-correlation potentials), which is 
why the Becke-Johnson potential (mBJ) was used by the authors in their early works. In addition, the above-mentioned 
publications also provide experimental curves of X-ray and X-ray electron spectra obtained by the authors [1] and co-
authors [2–4] for comparison with the calculated curves. The objective of this work is to consider the characteristics of 
the electronic structure exhibited by groups of different compounds (chalcogenides, halides, and oxides). 

Materials and Methods. Based on the full-potential, full-electron method of augmented plane waves (Full Potential 
Linearized Augmented Plane Waves, FPLAPW), implemented in the Wien2k software package [17], model quantum-
mechanical calculations of the electron-energy structure of the following three groups of semiconductor compounds were 
previously performed: 

− chalcogenides Tl3TaS4 [1], Tl3PS4, Sn2P2S6, InPS4, Cu2CdGeS4, Ag2CdSnS4, Ag2HgSnS4 [2]; 
− halides Cs2HgX4 (X — Cl, Br, I), group APb2Br5 (A — K, Rb) [2]; 
− oxides La2Zr2O7 and Nd2Zr2O7 [3]; Ln2Zr2O7 (Ln = La, Nd, Sm, Eu, Gd) [4]. 
In the unit cell of the crystal, each atom was surrounded by a muffin-tin sphere (mt-sphere), resulting in its entire 

volume being divided into regions occupied by mt-spheres and the remaining intersphere space. The crystal potential was 
then calculated in both the mt-spheres and the intersphere space. The intersphere potential was calculated by the method 
described in [18]. 

The following mt-radii were used for the atoms of the compound: Rmt
Eu = 2.24 a.u.; Rmt

Zr  = 1.96 a.u.; Rmt
O  = 1.77 a.u.  

(a.u. — atomic unit of length). 
The exchange-correlation potential was calculated in the GGA-PBE approximation [19] or in the mBJ 

approximation [20]. In the Eu2Zr2O7 compound, the rare-earth element Eu had an incomplete 4f7 shell. To take into 
account the strong Coulomb interaction of 4f electrons at one site, the Hubbard-U parameter was used, which led to the 
exchange-correlation potential PBE + U [21] and mBJ + U [22]. As for other compounds with a 4f shell, the EES 
calculation in Eu2Zr2O7 was spin-polarized. 

The electronic structure of compounds with valence s-, p-, d-electrons was discussed further using the example of the 
Tl3TaS4 compound, crystallizing in a cubic structure with the space group I-43m, and the lattice parameter 
value a = 7.67 Å [1]. 

The crystal structure of all studied pyrochlores Ln2Zr2O7 (Ln = La, Nd, Sm, Eu, Gd), compounds with valence f-
electrons, is the same and belongs to a cubic lattice with space group Fd3m. In the calculations for Eu2Zr2O7, the lattice 
parameter a = 10.5438 Å was used. The atomic coordinates [4] are given in Table 1. 

Table 1 
Coordinates of Atoms in Unit Cell of Compound Eu2Zr2O7 

Atom Wyckoff symbols x/a y/a z/a 

63 Eu 16d 0.5 0.5 0.5 

40 Zr 16c 0 0 0 

8 O1 48f x = 0.33888 0.125 0.125 

8 O2 8b 0.375 0.375 0.375 
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Figure 1 shows the crystal structure and atomic environment of pyrochlore Eu2Zr2O7 [4]. 

 
Fig. 1. Crystal structure and immediate environment of atoms in pyrochlore Eu2Zr2O7. Distances between atoms: Eu-O1 = 2.5224 Å, 

Eu-O2 = 2.2828 Å, Zr-O1 = 2.0858 Å 

From the occupied electron states in the valence band and the free electron state in the conduction band, the combined 
density of states can be calculated: 

 ( ) ( ) ( ) ,J N E N E dE′ ′ω = ∫ + ω ′
   (1) 

and further, using matrix elements of the transition from the valence band to the conduction band (only direct dipole 
transitions with Δl = 1 of the corresponding states of a single atom are considered, cross transitions, as unlikely, are 
ignored), the imaginary part of the permittivity tensor can be calculated [23]. 

 ( ) ( ) ( )
2 2

2 2 2
4 1 ,ij

i j kn kn kn kn
nn

e kn p kn kn p kn f f E E
m ′ ′

′σ

π ′ ′ω = × σ σ σ σ − δ − − ω
Ω ω ∑ ε  (2) 

where Ekn — self-energy of the system with crystal momentum k⃗ and spin σ; m and e — electron mass and charge, 
respectively; V, p, |knp𝑉𝑉⟩ and fkn — unit cell volume, momentum operator, crystal wave function, and Fermi distribution 
function. 

Real part ε1(ω) of the permittivity was calculated using the Kramers-Kronig formula: 

 ( ) ( )2
1 2 2

0

21 ,P d
∞

′ ′ω ε ω
′ε ω = + ω

′π ω −ω∫  (3) 

where 𝑃𝑃 — principal value of the integral. 
Absorption coefficient a(ω), refractive index n(ω), extinction coefficient k(ω), optical reflection coefficient R(ω) and 

electron energy loss spectrum L(ω) were derived from the imaginary ε2(ω) and real ε1(ω) parts of the permittivity tensor 
and were calculated, respectively, from the following formulas [23]. 

Absorption coefficient: 

 ( ) ( )2 ij
ij k

.
c

ω ω
α ω =  (4) 

Refractive index:  

 ( ) ( ) ( ) ( )
1 2

2 2
1 2 1

1
2

ij ij ijijn . ω = ε ω + ε ω + ε ω  
 (5) 

Extinction coefficient:  

 ( ) ( ) ( ) ( )
1 2

2 2
1 2 1

1
2

ij ij ijijk . ω = ε ω + ε ω − ε ω  
 (6) 

Optical reflection coefficient: 

 ( )
2

2 2
1 2

2 2
1 2

11
1 1

ij ijij ij
ij

ij ij ij ij

i( n ) kR .
( n ) k i

ε + ε −− +
ω = =

+ + ε + ε +
 (7) 

Energy loss function:  

 ( ) ( ) ( )
( ) ( )

21
2 2

1 2

ij
ijij

ij ij
L Im .− ε ω

ω = − ε =
ε ω + ε ω

 (8) 
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Research Results. Electronic structure of compounds with valence s-, p-, d-states using Tl3TaS4 as an example. 
The results of the study on the electronic energy structure (EES) in the Tl3TaS4 compound from [1] are considered. Then, 
some generalizations are made on the conducted studies on the EES of the above groups of chalcogenides, halides and oxides. 

Figure 2 shows a comparison of the calculated total and partial densities of electron states with the X-ray K- and L2,3 
emission spectra and SK absorption spectrum. 

 

Fig. 2. Total and partial densities of states of Tl3TaS4, calculated by mBJ+U+SOC method in comparison with experimental XPS, 
S 𝐾𝐾𝐾𝐾1,3 and S 𝐿𝐿2,3 X-ray emission spectra and S 𝐾𝐾 X-ray absorption spectrum 

The value of the forbidden gap width Eg = 2.842 eV calculated in approximation mBJ+U+SOC is close to the 
experimental value Eg = 2.7 eV [24]. 

Based on the energy position of the main maxima of the X-ray emission spectra (SK- and SL2,3-bands) and the maxima 
of the calculated densities of electron states in the semiconductor compound Tl3TaS4 (Fig. 2), an energy diagram of the 
maxima of the main energy bands of this compound was constructed (Fig. 3) in comparison with the energy levels in a 
free atom from [25], with the latter being counted from vacuum zero. Vacuum zero is separated from the zero 
corresponding to the top of the valence band (Ev) in Tl3TaS4 by the work function (φ) and half the band gap (Eg). The 
following work function values were found for related semiconductors: for TlAsS4 and Tl3AsS3 φ = 5.5 eV, for Tl3AsS4 
φ = 5.5 eV [26], which allowed us to assume value φ = 5.5 eV or Tl3TaS4 as well. 

As can be seen in Figure 3, there is a symbatic decrease in the binding energy of the valence 3p and 3s levels of sulfur, 
the most electronegative (EN) element of the Tl3TaS4 compound (EN = 2.44). In the free atom, the binding energies of 
the 3p and 3s levels are – 10.36 and –20.20 eV, respectively (Table 2), while in crystal Tl3TaS4, the average values of the 
energies of the band maxima of these states are approximately –1.5 ÷ –2 eV for the 3p states, and –11 ÷ 12 eV  
for the 3s states. 
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Fig. 3. Energy levels in free atom [25] and maxima of experimental energy bands in Tl3TaS4 semiconductor compound relative to 
vacuum zero. Zero on the energy scale corresponds to the peak of valence band (Ev), EF — Fermi energy, taken at the midpoint  

of the band gap and at the distance of the work function from vacuum zero 

In a solid, the electron density is attracted to a more electronegative atom (in this case, to sulfur S), which causes an 
increase in the screening of the nucleus of this atom, and therefore, as a consequence, a decrease in the binding energy of 
both the 3p levels and the 3s levels, compared to their values in a free atom (Table 2). 

Table 2 
Binding Energies of Valence and Semi-core Electrons in Free Atoms  

Included in Tl3TaS4 Compound (in eV) [25] 

16 S 
3s2 

M1 

3p4 

M2 
20.20 10.36 

73 Ta 
5d3 

O4 

5s2 

P1 
8.3 7.9 

81 Tl 
5d10 

O4 — O5 
6s2 

P1 
6p1 

P2 
21 — 19 8 6.11 

As stated in Blokhin's monograph [27], the effective nuclear charge is determined not only by internal electrons, but 
also by external electrons in relation to a given shell, that is, by all the electrons in the atom. According to these concepts, 
Zэфф = Z – σ1, where σ1 — total screening constant. Determining the screening constant is not the objective of this work, 
it is a very complex theoretical problem. 

For illustration purposes, Figure 4 shows a schematic representation of the internal level shifts for positive and 
negative ions. 

 
Fig. 4. Schematic representation of chemical shifts of the internal levels for positive  

and negative ions compared to isolated atoms: hν3 < hν1 < hν2 
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Indeed, for the more electropositive elements in Tl3TaS4, namely Tl and Ta, the binding energies of their valence 
levels increase compared to the energies of a free atom (Fig. 3 and Table 2). The screening of Tl and Tа decreases due to 
the electron density being drawn toward the S atom, and this causes an increase in the binding energy of the valence and 
semi-valence levels of the metals. 

Similar conclusions about the behavior of the electronic states can be drawn for all the compounds studied (the results 
are published in [1–4]). 

Thus, the electronic p-states of the most electronegative atoms (S, Se, Te, Br, O) in the studied chalcogenides, 
halides, and oxides, form the upper part of the valence band, which is associated with a significant decrease in the 
binding energy of these states, compared to their values in a free atom. This decrease in the binding energy of p-states 
can be explained by the flow of electron density to the more electronegative atom, and therefore by increased screening 
of these states from the nucleus. The electron s-states of the most electronegative atoms (S, Se, Te, Br, O) in 
chalcogenides, halides, and oxides, form the bottom of the valence band, and their binding energy also decreases 
compared to the energy in a free atom. 

Electronic structure of compounds with valence f-states using the example of pyrochlore Eu2Zr2O7. To draw 
general conclusions on the electron-energy structure and optical characteristics of pyrochlores Ln2Zr2O7 (Ln = La, Nd, 
Sm, Eu, Gd) [3, 4], the Eu2Zr2O7 compound was considered.  

The valence configurations of the elements included in compound Eu2Zr2O7 are as follows: 
Eu — 4f75s25p66s2 
Zr — 4s24p65d25s2 

O — 2s22p4. 
Figure 5 shows the total densities of electron states with spin-up and spin-down for two different approximations: in 

approximation GGA–PBE+U and GGA–PBE+U+SOC with U = 5 eV for 4f-states of Eu. The addition of spin-orbit 
coupling (SOC) causes a splitting of 5p6-states of Eu into 5p1/2 and 5p3/2-states, as well as a splitting of the 4p6-states Zr 
into 4p1/2 and 4p3/2-states. 

 
Fig. 5. Calculated total densities of electron states with spin-up and spin-down: dashed line (-----) — calculation in approximation 

GGA-PBE+U; solid line — calculation in approximation GGA-PBE+U+SOC; U = 5 eV for 4f- states of Eu.  
Zero on the energy scale corresponds to the top of the valence band Ev 

The width of the forbidden band in Eu2Zr2O7, was estimated using the total densities of electron states. The data are 
presented in Table 3. 

Table 3 
Bandwidths Eg for Different Spin-up and Spin-down Calculation Approximations in Eu2Zr2O7 

Approximation 
Eg, eV 

spin-up spin-down 
GGA-PBE 0 0 
GGA-PBE+U 1.705 3.219 
GGA-PBE+U+SOC 1.667  

Value of U for the 4f states of Eu is 5 eV. 
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The difference in the total density of electron states with spin-up and spin-down in Figure 5 can be explained using 
the partial densities of electron states with spin-up (Fig. 6) and spin-down (Fig. 7). 

 
Fig. 6. Total and partial electron densities of states for spin-up in Eu2Zr2O7 calculated in approximation GGA-PBE+U+SOC.  

Zero energy scale corresponds to the top of EV valence band 

 
Fig. 7. Total and partial electron densities of states for spin-down in Eu2Zr2O7 calculated in approximation  

GGA-PBE+U+SOC. Zero energy width corresponds to the top of valence band EV 

As can be seen in Figures 6 and 7, the upper part of the valence band of Eu2Zr2O7 is formed mainly by 2p states of 
oxygen (region from 0 to 4.5 eV). Some admixture to the 2p states of O comes from the 4d and 5s states of Zr, as well as 
the 6s states of the rare-earth element Eu. The most significant admixture in the upper part of the valence band is the 4f 
states of Eu (the region from –2 to –4 eV). The incomplete 4f shell of Eu contains 7 electrons, whose spins align according 
to Hund's rule in one direction: in this calculation, this is spin-up. 
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The spin-orbit splitting of the 5p states of Eu can also be seen in the partial densities with spin-up and spin-down 
(Figs. 6 and 7). Since the 5p states of Eu are deepened relative to the 2s states of O, the interaction of these states is not 
as significant compared to other pyrochlores (La2Zr2O7, Nd2Zr2O7, Sm2Zr2O7). 

In the present calculation, unoccupied 4f states of Eu appear in the conduction band with both spin-up (narrow peak 
at 2 eV) and spin-down (narrow peak in the range from 5 to 7 eV). 

Another important feature, distinct from previous pyrochlores, should be noted: the peak of spin-up 4f states of Eu 
splits into two smaller peaks, which is due to the spin-orbit coupling of 4f7-electrons. These are 4f5/2- and 4f7/2-states. This 
is not observed in pyrochlores Nd2Zr2O7 and Sm2Zr2O7. 

Despite the fact that the 4f shell is located inside the 5s, 5p, and 6s shells, i.e., it is the inner shell in the atom of a rare-
earth element (Nd, Sm, Eu, Gd), the energy of the 4f states in a solid, according to the data of these calculations, falls in 
the upper part of the valence band, and only the 6s states are located above. This energy position of the 4f states can be 
explained by a significant “centrifugal” contribution to the potential energy: V(r) + l(l + 1)ℏ2/2mr2, since the 4f electrons 
have the largest value of the orbital quantum number (l = 3). 

Deeper in energy are the 2s states of O (energy range from –14.5 to –18.5 eV). Even deeper in energy are the Eu 5p 
states. Already in the atom, the filled 5p subshell of Eu is split due to the SOC into 5p1/2 (term О2) with an energy of 30 eV 
and into 5p3/2 (term О3) with an energy of 26 eV, which is reflected in Table 2. The spin-orbit splitting of the 5p states of Eu 
can also be seen in the partial densities with spin-up and spin-down (Figs. 6 and 7). Since the 5p states are deepened relative 
to the 2s states of O, the interaction of these states is no longer as significant, compared to previous pyrochlores (La2Zr2O7, 
Nd2Zr2O7, Sm2Zr2O7). However, in the case of Eu2Zr2O7, one can also note the admixture of the 2s states of oxygen with the 
5p states of the rare-earth element Eu, which is associated with the covalency of the chemical bond Eu-O2.  

The 4р6-states of Zr, split due to SOC, are located in the energy range of 25–27 eV. These states can be considered 
semi-core, not participating in the chemical bonding of Zr and O1. The semi-core 5s states of Eu are the deepest of the 
valence states calculated in this work. According to the Pauli exclusion principle, the two 5s electrons of Eu have different 
spin directions, which leads to a difference in energy between these 5s states of Eu due to the action of the magnetic field 
of the 4f7- electrons of Eu. The 5s electron of Eu with spin-up deepens to –40.5 eV, while with spin-down, it has an energy 
of –38 eV. The energy splitting for these states of 5s electrons is ∆E = 2.5 eV.  

Calculations show that the spin-up and spin-down electron states of 5s symmetry are split in energy, which can be 
explained by the action of the internal magnetic field of the 4f electrons, whose spins align according to Hund's rule and 
act on the spin-up and spin-down 5s electrons (the Zeeman effect). 

Increasing the number of 4f electrons from 4 in Nd to 6 in Sm and to 7 in Eu (Nd2Zn2O7→Sm2Zr2O7→Eu2Zr2O7) 
causes an increase in the magnetic field in the 4f shell and, as a consequence, an increase in the splitting of the spin-up 
and spin-down 5s states of the rare-earth element (Table 4). 

Table 4 

Magnitude of Splitting ΔE of 5s States of a Rare-Earth Element with Spin-up and Spin-down 

Nd2Zn2O7 Sm2Zr2O7 Eu2Zr2O7 
ΔE = 1.5 eV ΔE = 2.5 eV ΔE = 3.3 eV 

Figure 8 shows the total densities of electron states with spin-up and spin-down compared to the experimental X-ray 
photoelectron spectrum (XPS). All the fine structure features of the XPS are clearly reflected in the theoretically calculated 
densities of electron states. The upper part of the valence band from 0 to –5 eV is formed by the 2p states of oxygen, 
which is reflected in the theoretical and experimental curves. 

The most intense peak А in XPS corresponds to the 4f states of Eu, since the photoionization cross section of 4f states 
significantly exceeds the photoionization cross section of 2p states of oxygen. At an energy of ≈–4 eV, there is an intense 
peak that precisely reflects the 4f states of Eu. 

Gently sloping peak B in XPS corresponds mainly to the 2s states of oxygen, as well as a small fraction of the 5p3/2- 
states of Eu. Peak C in XPS is mainly formed by the 5p1/2- states of Eu with a small admixture of the 2s states of oxygen. 
Peak D in XPS corresponds to the splitting due to the SOC of the 4p states of Zr. Peak D in XPS has a clear asymmetry, 
which is precisely due to the spin-orbit splitting of 4р6- electrons into 4р1/2 and 4р3/2-states.  
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And finally, the wide, flat hump E on the XPS is formed by the 5s states of Eu, in which there is a splitting of the 
electron states with spin-up and spin-down, “smeared” on the spectrum due to hardware distortion. 

 
Fig. 8. Total densities of electron states with spin-up and spin-down calculated in GGA-PBE+U+SOC approximation compared  

with experimental XPS. Zero on the energy scale corresponds to the top of the valence band Еv  

Calculations of optical characteristics using Eu2Zr2O7 as an example. The output data from the EES calculations 
of the compound Eu2Zr2O7, namely the dispersion curves 𝐸𝐸(𝑘𝑘�⃗ ) and the DOS, were used to calculate the frequency-
dependent complex dielectric function Ɛ(ω) = Ɛ1(ω) + iƐ2(ω). At the first stage of calculating the dielectric function, the 
imaginary part of the dielectric function tensor Ɛ2(ω) was calculated using formula (2). Figure 9 shows the imaginary part 
of the dielectric function Ɛ2(ω) as a function of photon energy (frequency). The main peaks and fine structure details of 
the curve Ɛ2(ω) are indicated: A, B, C, D, E, F, whose energies are given in Table 5. 

 
Fig. 9. Calculated imaginary (ε2) and real (ε1) parts of permittivity in Eu2Zr2O7  

Together with Ɛ2(ω), Figure 9 shows a graph of the real part of the permittivity Ɛ1(ω) calculated using the Kramers–
Kronig formula (3). 

Table 5 
Energies of Selected Peaks on Imaginary Part of Permittivity Ɛ2(ω) (Fig. 9), as Well as Reflection Coefficient R(0), 

Refractive Index (0) at the Beginning of Energy Count 

A B C D E F 
5.02 eV 8.25 10.16 19.22 25.62 30.16 

Ɛ1(ω) 8.726     

n(0) = 2.954 
R(0) = 24.423% 
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As in other studied pyrochlores, cross-transitions between atoms were not taken into account in the calculation of 
Ɛ2(ω) for Eu2Zr2O7. Thus, the key features of the fine structure of the imaginary part of the permittivity Ɛ2(ω) can be 
interpreted as follows: 

A(5.02 eV) O p→s 
A’(6.5-7 eV) Eu 4f→d 
B(8.25 eV) O p→s 

C(10.16 eV) O p→s 
D(19.22 eV) O s→p 
E(25.62eV) Eu p→s 
F(30.16 eV) Zr p→s 

G(36 eV) Eu p→s 

For the Eu2Zr2O7 compound, absorption coefficient α(ω) (4), refractive index n(ω) (5), absorption coefficient k(ω) (6), 
optical reflection coefficient R(ω) (7) and electron energy loss spectrum L(ω) (8 were calculated, respectively, using 
formulas (4–8) [23]. The above optical characteristics for Eu2Zr2O7 are shown in Figures 10 and 11.  

  
a) b) 

Fig. 10. Coefficients calculated in Eu2Zr2O7: 
a — absorption α(ω); b — reflection R(ω) 

  
a) b) 

Fig. 11. Calculated in Eu2Zr2O7: a — refractive index n(ω) and extinction coefficient k(ω);  
b — electron energy loss spectrum L(ω) 

Discussion. In all groups of compounds studied in this work, the main contribution to the upper part of the valence 
band is given by the p-states of atoms with the highest electronegativity (chalcogens, halogens). This can be explained by 
a decrease in the binding energy of the p-states of chalcogens and halogens in a crystal, compared to their bonding in an 
isolated atom, due to the transfer of electron density from nearby metal atoms to them, and the resulting increase in the 
shielding of these states from the nucleus. The S-states of these atoms form the bottom of the valence band. 
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For compounds with atoms containing f-electrons, states of 5s-symmetry, which have different spins, are split in 
energy under the impact of the internal magnetic field of 4f-electrons. 

The applied aspect of this research is related to the fact that the use of new materials in quantum electronics, 
optoelectronics, and nonlinear optics is determined by the response of the crystal under study to the action of an electron 
wave with a frequency lying in the optical or near and mid-IR range, that is, near the forbidden gap of the 
semiconductor  (Eg). The crystal response can be described using the permittivity tensor (εij), which was calculated in this 
study for a number of complex three- and four-component chalcogenides, halides, and oxides. Of academic interest is the 
effect of the electron states of the rare-earth element contained in the studied pyrochlores on the electron-energy structure 
of these compounds.  

Conclusion. The main objective of the work is achieved. The results of the study on the electron-energy structure of 
various groups of compounds: chalcogenides Tl3TaS4, Tl3PS4, Sn2P2S6, InPS4, Cu2CdGeS4, Ag2CdSnS4, Ag2HgSnS4, 
halides Cs2HgX4 (X — Cl, Br, I) and APb2Br5 (A — K, Rb), oxides La2Zr2O7 and Nd2Zr2O7 and Ln2Zr2O7 (Ln = La, Nd, 
Sm, Eu, Gd) are summarized. The problems of determining the effect of local partial electron states on the features of the 
electronic structure of the studied compounds and their optical properties are solved. 

Such studies are important in the problems of modeling new materials with given properties, since they allow us to 
determine which factors have the main influence on the occurrence of such properties.  
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