Advanced Engineering Research (Rostov-on-Don). 2026;26(1):2283. eISSN 2687-1653

INFORMATION TECHNOLOGY,
COMPUTER SCIENCE AND MANAGEMENT
NHP®OPMATHUKA,
BbBIYNCJ/IMTEJIBHAA TEXHUKA U YIIPABJIEHUE

ek uadeis
BY

UDC 538.915;538.958 Original Theoretical Research
https://doi.org/10.23947/2687-1653-2026-26-1-2283

Electronic Structure Characteristics of Complex Chalcogenides, E E
Halides, and Oxides from Quantum-Mechanical Calculations . -
Anatoliy A. Lavrentyev!'=5<, Boris V. Gabrelian!"*’, Vu Van Tuan? 3", E

Kseniya F. Kalmykova!

' Don State Technical University, Russian Federation

2 Institute of Computational Science and Artificial Intelligence, Van Lang University,

Ho Chi Minh City, Socialist Republic of Vietnam

3 School of Technology, Van Lang University, Ho Chi Minh City, Socialist Republic of Vietnam
4 alavrentyev(@donstu.ru

EDN: JAAMVK

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 T13TaS4, T13PS4, SnaP»Se,
InPS4, CuaCdGeSs4, Ag,CdSnS4, AgoHgSnS,, halides Cs:HgX4 (X = Cl, Br, I), group APb,Brs (A =K, Rb), and oxides
LayZr,07, Nd2Zr,07, SmaZr,07, EuaZr,07, GdaZr,07. 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 TI3TaSs 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 Eu,Zr,O7 as an example)
significantly altered the electron-energy structure, such that the electron states of the rare-earth element (4f-, 5p-) and the
Ss-states of europium (Eu) altered the structure of the valence band of pyrochlore (Eu,Zr,07). 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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AHHOTALINA

Beeoenue. CoBpeMeHHasi KBAaHTOBAsI M ONTORJICKTPOHHUKA, HEIMHEIHAS ONTHKA IPEIbSBILIIOT BHICOKHE TPEOOBAHUS K
(U3UKO-XIMUIECKIM XapaKTePUCTUKAM HCIIOB3yEeMbIX MaTepHaIoB. DTO 3aCTaBISIET B TOM YHCIIC HCKAaTh HOBBIE MaTe-
pHaisl, KOTOpBIE 00aany Obl CBOWCTBAMH, HEOOXOAMMBIMH B TOM MIIM HHOM o0sacT npuMeHeHus. Ho npu Takom mof-
X0JIe MOTYT YCJIOXHATHCS COCTaB M KPUCTAJUIMYECKAs CTPYKTypa MOJMYYCHHBIX COSAWHEHHNA. DIEKTPOHHAs CTPYKTypa
CJIOKHBIX COEIMHEHHH ONPENeIsieT UX MIEKTPHUIECKHUe, ONITHIECKNEe, MarHUTHBIE, XUMHYECKHE CBOICTBA. DTH CBOIiCTBa
SIBIISIFOTCS] MHANBUTy aJIbHBIMH JUISl KaJKA0TO coenHeHus. TeM He MeHee, U3BECTHO, YTO pa3Hble, HO OJIM3KUE 10 KaKuM-
TO B2)KHBIM IIapaMeTpaM COSAMHEHUS, HAallpIMEp W303JIEKTPOHHBIE, 001a1al0T T0100MEM B CTPOSHHN CBOMX DJIEKTPOH-
HBIX 00010oueK. HakorieHre Takoit ”HPOpMAaNuy o OTACITHHBIM COCTUHEHUAM U MX TPYIIIaM MPUBOIAXUT K HEOOXOIUMO-
¢t 0000IIeHNS MOTyYeHHBIX JaHHBIX. U1 [enb HacTosIe paboThl — PacCMOTPETh HEKOTOPHIE OOIINE XapaKTePUCTHKH
ANEKTPOHHOHN CTPYKTYPBI, IPOSIBIIIEMBIC TPYIIIIAMHU Pa3HBIX COSANHCHHUH (XaIbKOTEHUIOB, TAIOTCHHUIOB U OKCHIIOB).
Mamepuanvt u memoovt. IlpeaMeToM H3y4eHHUs ObUIM TPH TPYONbI coeAauHeHHi: xampkoreHuapl Tl3TaSs, TI3PSs,
SnyP,Se, InPS4, CurCdGeSs, AgoCdSnS4, AgoHgSnS4, ramorernasr Cs;HgXs (X = Cl, Br, I), rpynma APb,Brs (A =K,
Rb) u okcunpr La,Zr07, Nd2Zr,07, SmaZr,07, EuaZr:07, GdZr,07. MeTon ucciienoBanusi — KBaHTOBO-MEXaHHIECKHE
pacueTsl B paMKaxX TeOpHH (GYHKIHOHANA 3JIEKTPOHHOH IIOTHOCTH € Pa3IHYHBIMH 0OMEHHO-KOPPEISIIHOHHBIME MTOTEH-
uanamu. VMcrnons30Bannuch NOTEHIMANIGI, TIO3BOJIIONINE YUYUTHIBATE CHIIbHBIE Koppensaun d- u f-3JIeKTpOHOB U MmoiTy-
YaTh 3HAYECHHE IIUPUHBI 3aIPEIEHHON 30HBI, ONN3KOE K AKCIIEPUMEHTAIBHOMY.

Pezynomamut uccnedoganuii. IIpoBeieHbl KBAaHTOBO-MEXaHUUECKUE PACUETHI MIOTHOCTEH ANIEKTPOHHBIX COCTOSHUM U
ONTUYECKUX XapaKTEePUCTHK Psifia XalbKOT€HUA0B, FAIOT€HUI0B U OKCHIOB. [IpuBeieHb! NapianbHbIe U ONTHbIE MI0T-
HOCTH 3JIeKTPOHHBIX coctostHui (Densities of States — DOS). BrinosnHeHO cpaBHEHUE MOJIHOM IOTHOCTH COCTOSIHUH €
9KCTIEPUMEHTAJIbHBIMU PEHTICHOANIEKTPOHHBIMH cniekTpaMu (X-ray photoelectron Spectra — XPS). Iloarsepkaena
aJIeKBaTHOCTh PE3YJIbTAaTOB MPOBEIEHHBIX PacyeToB. BepimumHy BaneHTHOH MONOCH (OPMHUPYIOT P-COCTOSIHUS Hanboee
ANEKTPOOTpHUIATeNbHBIX 3MeMeHTOB (S, Se, Te, Br, O), B To BpeMs Kak IHO BaJEHTHOW MOJOCHI OOpa30BaHO S-
COCTOSIHUSIMH TaKXK€ JIEKTPOOTPHUIATEIFHBIX SJIEMEHTOB.

Oébcyscoenue. Tlo pesynbraTaM IMPOBEAECHHBIX PACUCTOB CIEIAHBI 000OMIAIOMINE BEIBOABI O CXOJCTBE B CTPOCHHH Ba-
JICHTHOM TOJIOCHI paccCMOTpeHHbIX coequHeHnid. Ha npumepe coenunenus T13TaSs mokasano, 4To B TBEpAOM Tee, IO
CPaBHEHUIO C SHEPTUSIMU B CBOOOJHOM aToMe, JUIS JJIEKTPOOTPHULIATEIbHBIX JJIEMEHTOB SHEPTHS CBS3U YPOBHEH 3HAUYM-
TENBHO YMEHBINACTCSA, a IJIS AIEKTPOIOIOKHUTEIBHBIX — yBETMUNUBaeTCA. PeKko3eMeIbHbIN 3JeMeHT (B Ka4ecTBe IpH-
Mepa B3ST EuxZr,07) BHOCHT CyIieCTBEHHBIE JONOIHEHUS B KAPTHHY JIEKTPOHHO-YHEPT€TUIECKOTO CTPOSHHS, TaK YTO
AJIEKTPOHHBIC COCTOSHUS PEIKO3eMEeIbHOTO 3eMenTa (4f-, 5p-) u 5s-coctosiaust epponus (Eu) H3MEHSIOT cTpoeHue Ba-

JIeHTHOU Tostockl upoxiopa (Eu,Zr,07). Paccuntannsie B paboTe MOJHBIC W MapIHaTbHbBIC TUWIOTHOCTH JIEKTPOHHBIX
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coctostauii (DOS) cpaBHMBAINCH C OKCIIEPUMEHTAIBHBIMH PEHTTEHOBCKAMH M PEHTTEHOAJEKTpOHbIMEH (XPS)
CIEKTpaMH, KOTOPhIC OATBEPAMIN aIcKBATHOCTh MPOBEACHHBIX PACYCTOB, TIPU STOM Ha PACCUYUTAHHBIX KpUBBIX DOS
HUMCIOTCS. MHOTOYHCIICHHBIC JIEMEHTBI TOHKOW CTPYKTYPHI, «3aMa3aHHbIC» 3a CUET alapaTypPHOTO UCKAKCHUS Ha IKC-
MePUMEHTAIBHBIX KPUBBIX. TakuM 00pa3oM, pacueT 0YeHb XOPOIIO JOMONHIET SKCIIEPUMEHT, aBasi 0oJiee IeTalbHYI0
KapTHHY JIEKTPOHHO-3HEPTETHUYCCKOTO CTPOCHUS HCCIICIOBAHHBIX COCTUHCHUH.

3aknrouenue. JIOCTUTHYTA 1ENb UCCICIOBAHUSI — PACCMOTPEHBI HEKOTOPHIC OOIINE XapaKTEPUCTHKH AJIEKTPOHHON
CTPYKTYPBbI, IPOSIBIISIEMbIE TPYIIIIAMH Pa3HbIX COSIUHEHUH (XaIbKOTCHUIOB, TAJIOTEHUIOB U OKCUIOB). PerieHbl 3a1aun
BBISIBJICHUSI COCTOSTHUIN OIPEIENAIOIUX 0COOCHHOCTH 3JIEKTPOHHON CTPYKTYPhI U ONITHYECKHUX XaPAKTEPUCTUK HCCIIE/I0-
BaHHBIX TPYII coenuHeHni. ccnemoBanre MOXeET OBITh HCIIONBF30BAHO MIPU MOJICIIMPOBAHIH HOBBIX MaTCPHAIIOB C 3a-

JaHHbBIMH CBOICTBaMHU.

KiioueBble ciioBa: MHPOXJIOPHI, HIEKTPOHHO-IHEPTETHIECKas! CTPYKTYpa, MeTol (QyHKIIHOHAJA TJIOTHOCTH, OOMEHHO-

KOPPCIAIUOHHBIC ITOTCHIUAJIBI, OIITUYCCKUC CBOICTBa

Bnarouapﬂocnl. ABTOpI)I BbIpaxKaroT 6naroz:apﬂocn) PCeUCH3CHTAM, Ybsd KpPUTHUYCCKasd OLCHKA IPCACTABJIICHHBIX
MaTCpraioOB U BBICKA3aHHBIC IMPCAJIOKCHUA 110 NX COBCPIICHCTBOBAHUIO CII0COOCTBOBATH SHAYUTCIIBHOMY ITOBBIIICHUIO

KadeCTBa CTaThbH.

Jost nurupoBanus. JlaBpentoeB A.A., ['abpenssn b.B., Tyan By Ban, KanMeikoBa K.®. OcoGeHHOCTH 37€KTpOHHOM
CTPYKTYPBI CJOXXHBIX XaJbKOTE€HHJOB, TaJOT€HHIOB W OKCHJIOB, OIpEJACICHHBIE MO pe3yjJbTaTaM KBaHTOBO-
MEXaHUYECKHUX pacyeTos. Advanced Engineering Research (Rostov-on-Don). 2026;26(1):2283.
https://doi.org/10.23947/2687-1653-2026-26-1-2283

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 T13TaSs 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 TI3TaS4 [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 TlsTaS4 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 EuZr,07 compound belongs to the group of pyrochlores with the general formula
A»B,07, 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 E4, 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 Eu,Zr,07, 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 T13TaS4 [1], TIsPS4, SnaoP2Se, InPS4, Cu,CdGeSs, AgoCdSnSs, AgoHgSnSy [2];

— halides Cs;HgX4 (X — Cl, Br, ), group APb,Brs (A — K, Rb) [2];

— oxides La,Zr,07 and Nd»>Zr,07 [3]; Ln2Zr,O7 (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: REY =2.24 au.; RZ =1.96 a.u.; RS, = 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 EuyZr,O; compound, the rare-earth element Eu had an incomplete 4f 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 Eu,Zr,O7 was spin-polarized.

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

The crystal structure of all studied pyrochlores Ln,Zr,O7 (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 Eu,Zr,0O7, the lattice

parameter a = 10.5438 A was used. The atomic coordinates [4] are given in Table 1.

Table 1
Coordinates of Atoms in Unit Cell of Compound Eu,Zr,0
Atom Wyckoff symbols x/a y/a z/a
63 Eu 16d 0.5 0.5 0.5
40 Zr 16¢ 0 0 0
8 01 48f x=0.33888 0.125 0.125
802 8b 0.375 0.375 0.375
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Figure 1 shows the crystal structure and atomic environment of pyrochlore Eu,Zr,O7 [4].

Fig. 1. Crystal structure and immediate environment of atoms in pyrochlore Eu2Zr207. Distances between atoms: Eu-O1 = 2.5224 A,
Eu-02=2.2828 A, Zr-O1 =2.0858 A

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(ho)=|N(E")N(E'+ho)dE', ()
and further, using matrix elements of the transition from the valence band to the conduction band (only direct dipole

transitions with A/ =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].

, 4n’e?
ij _ e ) ’ ’ ) _ , L _
el ()= o3 x%(knc|p,|kn o) (kn's|p | kno) fi, (1= fiu B (Epy = By~ 100), @)
where Ej, — self-energy of the system with crystal momentum k and spin o; m and e — electron mass and charge,
respectively; V, p, [knpV) and fkn — unit cell volume, momentum operator, crystal wave function, and Fermi distribution
function.

Real part g;(®) of the permittivity was calculated using the Kramers-Kronig formula:

81(03)=1+%PJ.2§2—_(22)d(o’, (3)
0

where P — principal value of the integral.
Absorption coefficient a(w), refractive index n(w), extinction coefficient &(w), optical reflection coefficient R(w) and
electron energy loss spectrum L(w) were derived from the imaginary &x(®) and real €,(w) parts of the permittivity tensor
and were calculated, respectively, from the following formulas [23].
Absorption coefficient:
20k" (o)

a’ (o) y

“4)

Refractive index:

—1/2

n’ (w)= %[\/81{ (03)2 +& (co)2 +&f (o) | . Q)

Extinction coefficient:
—1/2

k7 () =%|:\/Sij (0) +&] (o)’ —&/ (0)| . (6)

Optical reflection coefficient:

R (o)< (7 ko i - ™
(n” +1)* + k" ‘\/gij+isg+1
Energy loss function:
U (0)=-tm(s") =—2 () ®)

e/ (0))2 +&] (o)
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Research Results. Electronic structure of compounds with valence s-, p-, d-states using Tl;TaS4 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 L, 3

emission spectra and SK absorption spectrum.
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Fig. 2. Total and partial densities of states of Tl3TaS4, calculated by mBJ+U+SOC method in comparison with experimental XPS,
S Kf1,3 and S L2,3 X-ray emission spectra and S K X-ray absorption spectrum

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

Based on the energy position of the main maxima of the X-ray emission spectra (SK- and SL 3-bands) and the maxima
of the calculated densities of electron states in the semiconductor compound T13TaS, (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 (E,) in Tl3TaSs by the work function (¢) and half the band gap (Eg). The
following work function values were found for related semiconductors: for TIAsS4and T13AsS3 ¢ = 5.5 eV, for TI3AsSy
¢ =5.5¢eV [26], which allowed us to assume value ¢ = 5.5 eV or Tl3TaS 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 T13TaSs 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 T13TaS4, the average values of the
energies of the band maxima of these states are approximately —1.5+-2eV for the 3p states, and —11 + 12 eV

for the 3s states.
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Ta5d T?PS
TI5ds, T15dss ~ Tl6s Tl6p
Tl;TaS4
Maxima
of energy bands E;=2TeV
¢p=55¢eV
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I T I " |
20 -10 0 Er 0  VacuumE, eV

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), Er — 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 T13TaSs Compound (in eV) [25]

3s? 3p*
16 S M, M,
20.20 10.36
5d? 5s?
73 Ta 04 Py
8.3 7.9
5d'° 65’ 6p!
81 Tl 0405 P P,
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,
Z-pp = Z — o1, where o1 — 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.

Ek
Isolated atom
Positive Negative
ok ion 10n
I e -ﬂr
[} = 1 hvs
th | = ——
v
K ot— th
& A

Fig. 4. Schematic representation of chemical shifts of the internal levels for positive
and negative ions compared to isolated atoms: Avs < hvi < hva
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Indeed, for the more electropositive elements in Tl3TaSs, 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 Tland Ta 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 Eu:Zr>07. To draw
general conclusions on the electron-energy structure and optical characteristics of pyrochlores Ln,Zr,O7 (Ln = La, Nd,
Sm, Eu, Gd) [3, 4], the Eu,Zr,07 compound was considered.

The valence configurations of the elements included in compound Eu,Zr,O; are as follows:

Eu — 4{75525p%6s>

Zr — 4s%4p5d?5s>

O — 2s%2p*.

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 5p®-states of Eu into 5p1» and 5ps»-states, as well as a splitting of the 4p®-states Zr
into 4pi,» and 4pz-states.

100 =
" 50 Spin-up
ER |:
73 b
T .
) h i
= ! i
_50 - Spin-down \
-100 ! :
T T T T --f-- l
—40 =30 -20 -10 0 15

Energy, eV

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 Eu,Zr,O-, was estimated using the total densities of electron states. The data are
presented in Table 3.

Table 3
Bandwidths E, for Different Spin-up and Spin-down Calculation Approximations in Eu,Zr,0O-
Approximation - Ep 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 Euis 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).

60

40

| YV VX VW

10+ Eu-f

Eu-s

TPDS, rel. units

—40 =30 —20 -10 0 10
Energy, eV

Fig. 6. Total and partial electron densities of states for spin-up in Eu2Zr207 calculated in approximation GGA-PBE+U+SOC.
Zero energy scale corresponds to the top of Ev valence band
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Fig. 7. Total and partial electron densities of states for spin-down in Eu2Zr207 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 Eu,Zr,O7 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 (La;Zr,07, Nd2Zr07, SmyZr,07).

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,- and 4f;,-states. This
is not observed in pyrochlores Nd>Zr,07 and SmyZr;07.

Despite the fact that the 4f shell is located inside the Ss, Sp, 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) + I(I + 1)4*/2mr?, since the 4f electrons
have the largest value of the orbital quantum number (/ = 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 5pi (term O2) with an energy of 30 eV
and into Sp3, (term O3) with an energy of 26 eV, which is reflected in Table 2. The spin-orbit splitting of the Sp 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 (LayZr,07,
Nd2Zr,07, SmaZr,07). However, in the case of EuxZr>O7, one can also note the admixture of the 2s states of oxygen with the
Sp states of the rare-earth element Eu, which is associated with the covalency of the chemical bond Eu-O2.

The 4p®-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 Ss states of Eu due to the action of the magnetic field
of the 417- 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 AE =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 (Nd2Zn,O7—SmyZr,07—EuZr,07)
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 AE of 5s States of a Rare-Earth Element with Spin-up and Spin-down

NdzZn207 SmZZr207 EuzZr207
AE =1.5¢eV AE =25¢eV AE =33¢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 A 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 5ps/-
states of Eu. Peak C in XPS is mainly formed by the 5p»- 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 4p®- electrons into 4pi,, and 4p;,-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.

XES. TPDS, rel. units

Energy, eV

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 Ev

Calculations of optical characteristics using Eu2Zr20~ as an example. The output data from the EES calculations

of the compound Eu,Zr,0O7, namely the dispersion curves E (E) and the DOS, were used to calculate the frequency-
dependent complex dielectric function €(®) = €i(®) + 1€2(®). At the first stage of calculating the dielectric function, the
imaginary part of the dielectric function tensor £€;(®) was calculated using formula (2). Figure 9 shows the imaginary part
of the dielectric function &,(w) as a function of photon energy (frequency). The main peaks and fine structure details of
the curve &€;(w) are indicated: A, B, C, D, E, F, whose energies are given in Table 5.

£(o)
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20+

TITT VTNV STN STV IITTIY TT[rrr1 T IBES LARA
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0 10 20 30 40 50
Energy, eV
— &(w) E(w)

Fig. 9. Calculated imaginary (e2) and real (1) parts of permittivity in EuzZr.07

Together with € (o), Figure 9 shows a graph of the real part of the permittivity €;(®) calculated using the Kramers—
Kronig formula (3).

Table 5
Energies of Selected Peaks on Imaginary Part of Permittivity €x(o) (Fig. 9), as Well as Reflection Coefficient R(0),
Refractive Index (0) at the Beginning of Energy Count

A B C D E F
5.02eV 8.25 10.16 19.22 25.62 30.16
€1() 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
& (w) for EuaZr,07. Thus, the key features of the fine structure of the imaginary part of the permittivity €x(®) can be
interpreted as follows:

A(5.02eV) O p—s

A’(6.5-7 eV) Eu 4f—d
B(8.25¢V) O p—s

C(10.16 eV) O p—s
D(19.22 eV) O s—p
E(25.62¢V) Eu p—s

F(30.16 eV) Zr p—s
G(36¢eV) Eu p—s

For the Eu,Zr,07 compound, absorption coefficient a(w) (4), refractive index n(w) (5), absorption coefficient k(w) (6),
optical reflection coefficient R(w) (7) and electron energy loss spectrum L(®) (8 were calculated, respectively, using
formulas (4-8) [23]. The above optical characteristics for Eu,Zr,O7 are shown in Figures 10 and 11.

(@) R(w)
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300 |
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200 | 1
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100 -
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0 10 20 30 40 50 0 10 20 30 40 50
Energy, eV Energy, eV
a) b)

Fig. 10. Coefticients calculated in Eu2Zr207:
a — absorption a(w); b — reflection R(®)
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Fig. 11. Calculated in Eu2Zr207: a — refractive index n(®) and extinction coefficient k(®);
b — electron energy loss spectrum L(®)

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 (g;;), 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, T13PS4, SnyoP2Ss, InPSs, Cu,CdGeSs, AgoCdSnSs, AgrHgSnS,,
halides Cs,HgX4 (X — Cl, Br, I) and APb,Brs (A — K, Rb), oxides La,Zr,07 and Nd»Zr,07 and Ln,Zr,07 (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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