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Abstract

Objectives. In comparison with three-dimensional structures, two-dimensional (2D) magnetic materials are
promising for use in spintronics and magnetic storage devices due to their exceptional characteristics and qualitatively
different physical properties. Theoretical studies into 2D magnetic structures pave the way for the development
of new compounds based on experimental data. In this work, we carry out a theoretical calculation of the electronic
structure of a Cel; 2D-magnetic material, taking into account the Hubbard repulsion at the site, the partial density
of electronic states (DOS), and the distribution of spin and charge densities.

Methods. Calculations of the electronic structure of the Cel; monolayer were performed using density functional
theory (DFT) and the Hubbard U scheme in the VASP software environment. The Dudarev method was used
to account for the Hubbard correction.

Results. The calculated densities of the electronic states and the bandgap values for the ferro- and antiferromagnetic
configurations of the material were found to be 1.98 and 2.08 eV, respectively. To assess the influence of correlation
effects, the DOS was calculated both with and without the Hubbard correction. It was determined that the system
in the ground magnetic state exhibits an antiferromagnetic ordering of the spin subsystem. The difference in the total
energies of the antiferro- and ferromagnetic configurations was 2.8 meV per formula unit.

Conclusions. The calculations based on the Hubbard correction clearly demonstrated the presence of a bandgap,
which is typical of semiconductor materials. The obtained bandgaps for the ferromagnetic and antiferromagnetic
configurations of the system belong to the visible light range, which offers the opportunity of using 2D Cel,
as a luminescent material in devices with a magnetically controlled emission. To assess the influence of correlation
effects, the DOS was calculated both with and without the Hubbard correction. The obtained results agree with those
obtained in experimental studies of cerium compounds. The consideration of correlation effects and spin polarization
in the presented calculations forms the basis for further research into the magnetic properties of the Cel; monolayer
for technological applications in the field of 2D magnetism.

Keywords: two-dimensional magnetism, 2D magnetism, density functional theory, DFT, Hubbard correction, rare-
earth metals, density of electronic states, luminescence
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Pe3iome

Llenu. [IBymepHble MarHeTukn, 6narogaps CBOUM YHUKaSIbHbIM XapakTepuUcTUkamM M Ka4eCTBEHHO HOBbIM U3K-
4YeCKMM CBOMCTBAM MO CPABHEHMIO C 0ObEMHbBIMU CTPYKTYypaMu, 06nagaloT 3Ha4YMTENbHLIM MOTEHLMAIOM A5 NMPU-
MEHEHUS B CIIMHTPOHMKE U MarHUTHbIX 3aNOMUHAIOLLMX YCTPOMCTBaX. TeopeTmnyeckme NccnefoBaHns AByMeEpPHbIX
MarHUTHbIX CTPYKTYP MO3BOJISIOT Cy3UTb 06/1aCTb NONCKA HOBbIX COEAMHEHWNI N OOMNONHUTL SKCNEPUMEHTAsbHbIE
OaHHble. Llenbio jaHHOM paboThbl ABNSETCS TEOPETUYECKMIA PACYHET 3NIEKTPOHHON CTPYKTYPbI IBYMEPHOIrO MarHeTu-
ka Cels, BKNtOYatoLLmMii y4eT xab6apA0BCKOro OTTalIkKMBaHUA Ha yane, pacHeT napLuuaibHOM NI0THOCTU SNIEKTPOHHbIX
COCTOSIHUIM N pacyeT pacrnpeneneHns CrMHOBbIX U 3apsa0BbIX MI0THOCTEN.

MeToabl. PacyeTbl 91eKTPOHHOW CTPYKTYPbI MOHOCII0A Cels BbINONHEHbI C MCMOJIb30BaHEM MPOrpaMMHOro nake-
Ta VASP B pamkax Teopun pyHKLIMOHaNa NioTHOCTU, a TakXe B paMkax Teopumn pyHKLUMOHaNa NioTHOCTU C y4ETOM
nonpasku Xab6apaa. Ansa ydeta nonpaskun Xabbapaa ncnonb3oBasncsa meton Jynapesa.

PesynbTaTbl. PaccuntaHbl 9HEPreTnyeckme naoTHOCTU NIEKTPOHHbBIX COCTOSIHUIN N BENMYVHBI 3amnpeLLeHHbIX 30H
ons deppo- n aHTMdeppPOMarHMTHOM KOHdUrypaumin matepuana, pasHble cooTBeTcTBeHHO 1.98 n 2.08 aB. Onq
OLLEHKN BAUSHUSA KOPPENSALUMNOHHbLIX 9¢hdEKTOB NPOBEAEH pacyeT NJIOTHOCTEN COCTOSIHUIM KakK C Y4HETOM Monpasku
Xabbapna, Tak n 6e3 Hero. OnpeneneHo, 4To B OCHOBHOM MarHUTHOM COCTOSIHMM CUCTEMA NPOSIBNSEeT aHTUdEPPO-
MarHMTHOE ynopsa0o4YeHne CMMHOBOM NOACMCTEMbI. Pa3Hnua NoHbIX QHEPTrniA ¢ hpeppoMarHUTHOM KOHGUrypaumen
cocTaBuna 2.8 MaB Ha GopMynbHYI0 eANHNLLY.

BbiBoAabl. YueT nonpasku Xabbapaa HarnsgaHo NpoaeMOHCTPUPOBA HalMYMe XapakTepHOM Afs NoynpoBOAHM-
KOBbIX MaTtepuasnoB 3anpeLLeHHON 30HbI. [1onyYyeHHble LWNMPUHbBI 3anpeLLeHHOn 30HbI AN GeppOMarHUTHOM 1 aH-
TNPEepPPOMarHUTHOM KOHOUrypauuin CUCTEMbI OTHOCATCS K AManas3oHy BUANMMOro CBETA, YTO OTKPbIBAET BO3MOX-
HOCTM 1CMONb30BaHWsA AByMepHoro Cely B Ka4ecTBe JIIOMMHECLIEHTHOro MaTepuasa B yCTPOMCTBAX C MarHUTHbLIM
ynpasnieHMemM usnyydenusi. MNMpencraBneHHble pe3ynbTaTbl COrNacyloTcs ¢ 0600LLEHHbIMU pe3ynbTaTaMn 3Kerne-
PUMEHTasbHbIX NCCNEN0BAHNN COEOVHEHNI HA OCHOBE Lepust. YH4eT KOPPEensLMOoHHbIX 3hdEKTOB 1 NonsapmusaLmm
Mo CMVHY B NPeACTaBNEHHbIX pacyeTax OTKPbIBAET FOPU3OHT 4S9 AafIbHENLLErO N3YHEHNSA MArHUTHBIX CBOMCTB MO-
Hocnos Cel, ins TEXHONOMMYECKUX NPUMEHEHWIA B 061aCTV IBYMEPHOMO MarHeTvuama.

KnioueBble cnoBa: OByMEPHbI MarHeTn3am, Teopus GyHKUMOHaNa niaoTHOCTK, nornpaska Xabbapna, peakose-

MeJibHble MeTaJlJibl, MJIOTHOCTb 3JIEKTPOHHbIX COCTOSIHUM, NIOMUHECLLeHLNS
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I1p03pat||-|ocn: d)MHaHCOBOﬁ neaTesibHOCTU: ABTOpr HEe NMeloT q)l/lHaHCOBOI7I 3anHTEepeCcoBaHHOCTW B npeactaB/ieH-

HbIX MaTepunasiax nin Mmetogax.

ABTOpbI 3a9BASAIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Two-dimensional (2D) magnets represent a new
class of low-dimensional materials. These materials
exhibit a number of unique properties that are promising
from the practical point of view. Thus, the magnetic
anisotropy of such materials makes it possible to control
the properties of a system by changing the direction
of an external magnetic field [1]. Magnetic anisotropy
is of great importance for 2D ferromagnetism in the
sense of avoiding a random redistribution of spin
states due to thermal fluctuations. Other important
properties of systems based on 2D magnets include
the magnetic proximity effect [2], the formation of
skyrmions [3], the quantum anomalous Hall effect [4],
giant magnetoresistance [5], etc.

In this regard, 2D magnets are promising materials for
use in spintronics and magnetic memory devices [6—8].
Experimental studies have confirmed the presence of
a long-range magnetic ordering in these materials [9, 10],
although the Mermin—Wagner theorem states the
impossibility of magnetic ordering in two-dimensional
systems at temperatures above zero [11].

At present, the search for materials and compounds
with a set of practically important properties is a pressing
task. Bulk compounds can be studied both experimentally
and theoretically; however, their 2D analogs may exhibit
qualitatively different physical properties, which makes
their experimental study challenging. In this regard, first-
principles (ab initio) calculations of material structures
are of particular interest. Another powerful theoretical
tool comprises calculations using density functional
theory (DFT).

In this paper, we carry out an ab initio calculation
of the physical properties of 2D Cel, with orthorhombic
symmetry. Along with such 2D materials as transition
metal dichalcogenides that have been sufficiently
studied [12], new 2D compounds promising in terms of
their luminescent properties are increasingly attracting
attention. These include 2D materials based on rare-
earth elements [13, 14]. The 5d—4f transitions in the
Ce atom have a short lifetime of about 17 ns, which
ensures a high luminescence efficiency [15]. The
magnetic properties of 2D magnets are due to partially
filled d and f electron shells. Thus, information on the
magnetic properties of 2D Cel; may pave the way not

only for its potential use in spintronics, but also for the
creation of optical devices with the magnetic control of
emission.

CALCULATION PROCEDURE

The calculations were performed using Vienna
Ab initio Simulation Package (VASP), a commercially
available ab initio simulation package. VASP is a widely
used package designed for calculations using DFT [16]
to determine the properties of materials in the ground
state (total energy, band structure, density of electronic
states (DOS), phonon spectra, etc.) by solving the Kohn—
Sham equations.

In the presented -calculations, the exchange—
correlation energy of electrons was approximated
by the generalized gradient approximation using the
Perdew—Burke—Ernzerhof functional [17]. Electron—ion
interactions were described by the project augmented
wave method [18]. To define the 2D structure under
the three-dimensional (3D) boundary conditions,
a 25 A pseudovacuum space was added to eliminate the
interaction between layers during unit cell translation.
The plane wave basis cutoff energy was set to 320 eV.
For integration over the Brillouin zone, a gamma-
centered k-point grid of 16 X 16 x 1 was used for structure
relaxation; 20 x 20 x 1, for self-consistent calculation;
and 26 x 26 x 1, for DOS calculation. The crystal
structure was relaxed until the total forces acting on each
atom were less than 0.001 eV/A. The relaxation of the
electronic degrees of freedom was discontinued when
the energy difference between two calculation iterations
was less than 107 eV. To account for the van der Waals
forces, a semiclassical dispersion correction known as
DFT-D3 with the Becke—Johnson damping function was
used [19].

For rare-carth metals, account should be taken of
the repulsion of localized (strongly correlated) electron
shells d and f. To increase the accuracy of the sought
parameters, the Hubbard repulsion (DFT+U) was
taken into account. The DFT+U calculation implies
the separation of localized d and f electrons, for which
the Hubbard correction is considered, and delocalized
s and p electrons. The Hubbard correction was taken
into account using the Dudarev approach described
in [20]:
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where m; and m, are magnetic quantum

numbers (m,, m, = =3, =2, ..., 3 in the case of f-shell

electrons); nJ - is the matrix element of the density
1>

matrix with spin o; U is the parameter characterizing the
Coulomb repulsion at the site, which was taken to be 5.1 eV
for the Ce 4f level; and J is the parameter characterizing
the interstitial repulsion of d and felectrons [21, 22].

The first term of £y is the energy of delocalized s and
p electrons, which is conventionally calculated using DFT
in the generalized gradient approximation. The second term
takes into account the electron—electron interaction (Hubbard
correction) for localized d and felectrons.

The crystal structure and the spin and charge densities
were visualized using the VESTA software [23]. The data
obtained by the DFT calculation were processed using
the VASPKIT software [24].

RESULTS AND DISCUSSION

In this paper, we calculated the energy densities
of electronic states and the bandgap values for
ferromagnetic (FM) and antiferromagnetic (AFM)
configurations of the material, along with determination
of the configuration with the minimum total energy. The
unit cell of the Cel; monolayer contains two cerium
atoms and six iodine atoms. The crystal structure is an
orthorhombic with unit cell parameters of 4.32 x 9.98 A
and a pseudovacuum space of 25 A (Fig. 1). Cerium
atoms are marked in yellow; iodine atoms are marked in
violet. The model cell is outlined by a solid black line.

(N
O ce
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Lavter

(a) (b)

Fig. 1. Cel; monolayer: (a) side view; (b) top view

Figure 2 presents the dependencies of the partial
densitiesand total DOS on energy forthe FM configuration
that were obtained using DFT without taking into
account the Hubbard correction (DFT calculation).
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Fig. 2. DOS of the Cely monolayer for the FM
configuration (DFT calculation): total DOS (full pattern)
and contributions of s states of iodine (blue),

p states of iodine (purple), d states of cerium (deep blue),
and f states of cerium (orange), Ecis the Fermi energy

The presented dependence of the DOS does not show
a bandgap, which is characteristic of semiconductors,
although 2D Cel, is presumably a semiconductor material.
This discrepancy is due to incorrect consideration of the
correlation effects for localized electrons ofthe outer shells of
cerium using standard DFT. To solve this problem, Hubbard
corrections were introduced by the Dudarev method. This
method appears optimal for calculations.

It should be noted that the general structure of these
dependencies is similar to that of the dependence of the
DOS for a 3D Cel, crystal [25]. In that work, the valence
band was formed by p states of iodine, the conduction
band was formed by d states of cerium, and 4f states
of cerium were located in the bandgap. However, the
calculations [25] were carried out, as indicated above, for
a 3D material, without taking correlation effects and spin
polarization into account. These considerations impede
further studies of magnetic properties, in contrast to the
calculations presented in this article.

Figure 3 presents the dependencies of the
densities of electronic states of the Cel; monolayer
that were obtained using DFT and taking the Hubbard
correction (DFT+U) into account. As expected, the
material is a semiconductor with a bandgap of ~1.9 eV
between the p shells of iodine and the f'shells of cerium.
The obtained bandgap value agrees with that obtained
in experimental studies of compounds of rare-carth
elements, including cerium [26, 27].

Cerium is the first element in which occupied states
appear on the fshell. This is confirmed by the presence
of a corresponding peak in the valence band region. The
general form of the DOS is characteristic of a ferri- or
ferromagnetic structure with two spin subsystems that
do not compensate each other completely.
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Fig. 3. DOS of the Cely monolayer taking the Hubbard
correction into account (DFT+U calculation):

total DOS (full pattern) and contributions of s states
of iodine (blue), p states of iodine (purple), d states

of cerium (deep blue), and f states of cerium (orange)

To calculate the AFM configuration, a structural
supercell of 2 x 2 unit cells was generated, which
comprised 8 cerium atoms and 24 iodine atoms.
In addition, the FM supercell was calculated for
a comparative analysis and further determination of
the type of magnetic ordering corresponding to the
minimum total energy.

The DFT+U calculations gave the densities
of electronic states (Fig. 4), the spin density
distributions (Fig. 5) for the FM and AFM configurations,
as well as the general form of the charge density
distribution (Fig. 6).

The presented dependencies of the DOS indicate
that the energy bandgap width is about 2.08 and 1.98 eV
for the AFM and FM configurations, respectively. The
obtained values of the bandgap width correspond to the
visible light range.

To determine the ground magnetic state, the
difference between the total energies of the AFM and
FM configurations should be found:

AE=E o — Epy = 2.8 meV. 2)

The negative value indicates that, energetically,
AFM is the most favorable configuration for the
structure under study due to its lower energy. Different
values of the total energy are explained by different
contributions of the Coulomb repulsion between
parallel and antiparallel spins of the outer shells of the
system.

The spin density distributions for both
configurations (Fig. 5) have the form of a dumbbell
concentrated around the cerium atom with a nonzero
magnetic moment in accordance with the assumed
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Fig. 4. DOS of the Cely monolayer in the (a) FM and

(b) AFM configurations: total DOS (full pattern) and

contributions of s states of iodine (blue), p states of

iodine (purple), d states of cerium (deep blue), and
f states of cerium (orange)

Fig. 5. Spin density distributions in the Cel; supercell
for the (a) FM and (b) AFM configurations on isosurfaces
of £0.0009 e/A3 in the spin-up (blue)
and spin-down (white) polarizations
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Fig. 6. Charge density distribution in the Cel; supercell
on the 0.066 e/A, isosurface. Isosurfaces are shown
in light green

form of the f shell orbitals. The charge density
distribution (Fig. 6) indicates the concentration of the
negative charge around the iodine atoms, which is due to
the greater electronegativity of the halogen atoms. Such
a shift in the charge density confirms a large contribution
of covalence to the metal-halogen chemical bonds. The
formation of covalent bonds between Ce-I pairs creates
the possibility of superexchange interaction between
neighboring Ce atoms.

CONCLUSIONS

In this work, the ab initio calculation of the electronic
structure of a new two-dimensional compound—Cel,—
was performed using density functional theory. The
calculation of the densities of electronic states taking the
Hubbard correction into account clearly demonstrated

the presence of a bandgap, which is characteristic
of semiconductor materials. The bandgap values for
the FM and AFM configurations of the material were
1.98 and 2.08 eV, respectively. Such energy values belong
to the visible light range, which offers the opportunity of
using two-dimensional Cel; as a luminescent material
in devices with the magnetic control of emission.
According to the calculations, the AFM configuration
has a lower total energy, i.e., being the ground magnetic
state of the structure. The difference between the total
energies of the FM and AFM configurations (2.8 meV)
is due to different contributions of the Coulomb
repulsion between the parallel and antiparallel spins of
the outer shells of the system. The presence of covalent
polar bonds, which is clearly demonstrated by the
charge density distribution, creates the possibility of
superexchange interaction between neighboring cerium
atoms. The obtained results form a basis for further
research and technological applications of the Cel,
monolayer in the field of two-dimensional magnetism.

ACKNOWLEDGMENTS

The calculations were performed using the
equipment of the Center for the Collective Use of
Computing Resources of the National Research Center
“Kurchatov Institute.”

Authors’ contributions

E.T. Mirzoeva—performing calculations, processing
results, writing the manuscript.

A.V. Kudryavtsev—performing calculations, discussing
the results, writing the manuscript.

REFERENCES

1. Tan H., Shan G., Zhang J. Prediction of novel two-dimensional room-temperature ferromagnetic rare-earth material —
GdB,N, with large perpendicular magnetic anisotropy. Mater. Today Phys. 2022;24:100700. https://doi.org/10.1016/].

miphys.2022.100700

2. Vobornik I., Manju U., Fujii J., Borgatti F., Torelli P., Krizmancic D., Hor Y.S., Cava R.J., Panaccione G. Magnetic proximity
effect as a pathway to spintronic applications of topological insulators. Nano Lett. 2011;11(10):4079-4082. https://doi.

org/10.1021/n1201275q

3. Heinze S., Von Bergmann K., Menzel M., et al. Spontaneous atomic-scale magnetic skyrmion lattice in two dimensions.
Nature Phys. 2011;7(9):713-718. https://doi.org/10.1038/nphys2045

4. ZhangJ., Zhao B., Yao Y., Yang Z. Robust quantum anomalous Hall effect in graphene-based van der Waals heterostructures.
Phys. Rev. B. 2015;92(16):165418. https://doi.org/10.1103/PhysRevB.92.165418

5. SongT., Cai X., TuM.W.Y., Zhang X., Huang B., Wilson N.P., Seyler K.L., Zhu L., Taniguchi T., Watanabe K., McGuire M.A.,
Cobden D.H., Xiao D., Yao W., Xu X. Giant tunneling magnetoresistance in spin-filter van der Waals heterostructures.
Science. 2018;360(6394):1214—1218. https://doi.org/10.1126/science.aar4851

6. Wang Z., Sapkota D., Taniguchi T., Watanabe K., Mandrus D., Morpurgo A.F. Tunneling spin valves based on
Fe,GeTe,/hBN/Fe,GeTe, van der Waals heterostructures. Nano Lett. 2018;18(7):4303-4308. https://doi.org/10.1021/acs.

nanolett.8b01278

7. Ashton M., Gluhovic D., Sinnott S.B., Guo J., Stewart D.A., Hennig R.G. Two-dimensional intrinsic half metals with large
spin gaps. Nano Lett. 2017;17(9):5251-5257. https://doi.org/10.1021/acs.nanolett.7b01367

8. Johansen @., Risinggdrd V., Sudbe A., Linder J., Brataas A. Current control of magnetism in two-dimensional Fe,GeTe,.
Phys. Rev. Lett. 2019;122(21):217203. https://doi.org/10.1103/PhysRevLett.122.217203

Russian Technological Journal. 2025;13(4):47-54

52


https://doi.org/10.1016/j.mtphys.2022.100700
https://doi.org/10.1016/j.mtphys.2022.100700
https://doi.org/10.1021/nl201275q
https://doi.org/10.1021/nl201275q
https://doi.org/10.1038/nphys2045
https://doi.org/10.1103/PhysRevB.92.165418
https://doi.org/10.1126/science.aar4851
https://doi.org/10.1021/acs.nanolett.8b01278
https://doi.org/10.1021/acs.nanolett.8b01278
https://doi.org/10.1021/acs.nanolett.7b01367
https://doi.org/10.1103/PhysRevLett.122.217203

Ab initio calculations Elizaveta T. Mirzoeva,
of the electronic structure of Cely monolayer Andrey V. Kudryavtsev

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Jiang X., Liu Q., XingJ., LiuN., Guo Y., Liu Z., Zhao J. Recent progress on 2D magnets: Fundamental mechanism, structural

design and modification. Appl. Phys. Rev. 2021;8(3):031305. https://doi.org/10.1063/5.0039979

Tian S., Zhang J.-F., Li C., Ying T., Li S., Zhang X, Liu K., Lei H. Ferromagnetic van der Waals crystal V1. Am. Chem. Soc.
2019;141(13):5326-5333. https://doi.org/10.1021/jacs.8b13584

Mermin N.D., Wagner H. Absence of Ferromagnetism or Antiferromagnetism in One- or Two-Dimensional Isotropic
Heisenberg Models. Phys. Rev. Lett. 1966;17(22):1133-1136. https://doi.org/10.1103/PhysRevLett.17.1133

Pimenov N.Yu., Lavrov S.D., Kudryavtsev A.V., Avdizhiyan A.Yu. Modeling of two-dimensional MoxW,_ S, Se 2(1-) alloy
band structure. Russtan Technological Journal. 2022;10(3):56—63. https://doi.org/10.32362/2500-316X- 2022 10 3-56-63
Guo Q., Wang L., Yang L., et al. Spectra stable deep-blue light-emitting diodes based on cryolite-like cerium(III) halides with
nanosecond d-f emission. Sci. Adv. 2022;8(50):eabq2148. https://doi.org/10.1126/sciadv.abq2148

Wang C., Liu X., She C., Li Y. Luminescence of Cel, in organic solvents and its application in water detection. Polyhedron.
2021;196:115013. https://doi.org/10.1016/j.poly.2020.115013

Xie W., Hu F., Gong S., Peng L. Study the optical properties of Cs,Cel: First-principles calculations. AIP Advances.
2024;14:015062. https://doi.org/10.1063/5.0187100

Kresse G., Furthmiiller J. Efficiency of ab initio total energy calculations for metals and semiconductors using a plane-wave
basis set. Phys. Rev. B. 1996;54(16):11169—-11186. https://doi.org/10.1103/PhysRevB.54.11169

Constantin L.A., Perdew J.P., Pitarke J.M. Exchange—correlation hole of a generalized gradient approximation for solids and
surfaces. Phys. Rev. B. 2009;79(7):075126. https://doi.org/10.1103/PhysRevB.79.075126

Kresse G., Joubert D. From ultrasoft pseudopotentials to the projector augmented-wave method, Phys. Rev. B. 1999;59(3):
1758-1775. https://doi.org/10.1103/PhysRevB.59.1758

Grimme S., Ehrlich S., Goerigk L. Effect of the damping function in dispersion corrected density functional theory.
J. Comput. Chem. 2011;32(7):1456—1465. https://doi.org/10.1002/jcc.21759

Dudarev S.L., Botton G.A., Savrasov S.Y., Humphreys C.J., Sutton A.P. Electron-energy-loss spectra and the structural
stability of nickel oxide: An LSDA+U study. Phys. Rev. B. 1998;57(3):1505—1509. https://doi.org/10.1103/PhysRevB.57.1505
Sheng K., Chen Q., Yuan H., Wang Z. Monolayer Cel,: An intrinsic room-temperature ferrovalley semiconductor.
Phys. Rev. B.2022;105(7):075304. https://doi.org/10.1103/PhysRevB.105.075304

Larson P., Lambrecht W.R.L., Chantis A., van Schilfgaarde M. Electronic structure of rare-earth nitrides using the LSDA+U
approach: Importance of allowing 4f orbitals to break the cubic crystal symmetry. Phys. Rev. B. 2007;75(4):045114. https://
doi.org/10.1103/PhysRevB.75.045114

Momma K., Izumi F. VESTA: a three-dimensional visualization system for electronic and structural analysis. J. Appl. Cryst.
2008;41:653—658. https://doi.org/10.1107/S0021889808012016

Wang V., Xu N., Liu J., Tang G., Geng W. VASPKIT: A user-friendly interface facilitating high-throughput computing and
analysis using VASP code. Comput. Phys. Commun. 2021;267:108033. https://doi.org/10.1016/j.cpc.2021.108033
Chornodolskyy Ya.M., Karnaushenko V.O., Vistovskyy V.V., Syrotyuk S.V., Gektin A.V., Voloshinovskii A.S. Energy band
structure peculiarities and luminescent parameters of CeX, (X = Cl, Br, I) crystals. J. Lumin. 2021;237:118147. https://doi.
org/10.1016/j.jlumin.2021.118147

Birowosuto M.D., Dorenbos P. Novel y- and X-ray scintillator research: on the emission wavelength, light yield and time
response of Ce>" doped halide scintillators. Phys. Status Solidi A-Appl. Mater. Sci. 2009;206(1):9-20. https://doi.org/10.1002/
pssa.200723669

Dorenbos P. Lanthanide 4f-electron binding energies and the nephelauxetic effect in wide band gap compounds. J. Lumin.
2013;136:122—-129. https://doi.org/10.1016/j.jlumin.2012.11.030

About the Authors

Elizaveta T. Mirzoeva, Master Student, Institute for Advanced Technologies and Industrial Programming, MIREA —

Russian Technological University (78, Vernadskogo pr., Moscow, 119454 Russia). E-mail: mirzoeva.elizaveta@gmail.ru.
https://orcid.org/0009-0003-4874-7015

Andrey V. Kudryavtsev, Cand. Sci. (Phys.-Math.), Associate Professor, Researcher, Department of

Nanoelectronics, Institute for Advanced Technologies and Industrial Programming, MIREA — Russian Technological
University (78, Vernadskogo pr., Moscow, 119454 Russia). E-mail: kudryavcev_a®@mirea.ru. Scopus Author ID
55219889700, ResearcherlD 0-1457-2016, https://orcid.org/0000-0002-2126-7404

Russian Technological Journal. 2025;13(4):47-54
53


https://doi.org/10.1063/5.0039979
https://doi.org/10.1021/jacs.8b13584
https://doi.org/10.1103/PhysRevLett.17.1133
http://N.Yu
http://A.Yu
https://doi.org/10.32362/2500-316X-2022-10-3-56-63
https://doi.org/10.1126/sciadv.abq2148
https://doi.org/10.1016/j.poly.2020.115013
https://doi.org/10.1063/5.0187100
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.79.075126
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1103/PhysRevB.57.1505
https://doi.org/10.1103/PhysRevB.105.075304
https://doi.org/10.1103/PhysRevB.75.045114
https://doi.org/10.1103/PhysRevB.75.045114
https://doi.org/10.1107/S0021889808012016
https://doi.org/10.1016/j.cpc.2021.108033
https://doi.org/10.1016/j.jlumin.2021.118147
https://doi.org/10.1016/j.jlumin.2021.118147
https://doi.org/10.1002/pssa.200723669
https://doi.org/10.1002/pssa.200723669
https://doi.org/10.1016/j.jlumin.2012.11.030
mailto:mirzoeva.elizaveta@gmail.ru
https://orcid.org/0009-0003-4874-7015
mailto:kudryavcev_a@mirea.ru
https://orcid.org/0000-0002-2126-7404

Ab initio calculations Elizaveta T. Mirzoeva,
of the electronic structure of Cely monolayer Andrey V. Kudryavtsev

06 aBTOpax

Mup3oeBa Ennsaeeta TeodpunoBHa, mMarnctpaHT, VIHCTUTYT NEPCREKTMBHBIX TEXHONOMNN U NHAYCTpUasb-
Horo nporpammmpoBaHus, ®re0Y BO «MUP3A — Poccuiickuii TexHonormdeckuii yHmesepcutet» (119454, Poccus,
MockBsa, np-T BepHaackoro, a. 78). E-mail: mirzoeva.elizaveta@gmail.ru. https://orcid.org/0009-0003-4874-7015

Kyapssues AHgpeit BhnaguMmmpoBund, K.@d.-M.H., AOLEHT, HAY4HbI COTPYAHUK, Kadpenpa HaHO3NEKTPOHUKU, NH-
CTUTYT NEPCMNEKTUBHbIX TEXHONOM NI MHAYCTPUANbHOMO NporpamMmmupoBanus, Pre0Y BO «MUPI3A — Poccuiickuii Tex-
Honorunyeckuii yHueepcuteT» (119454, Poccusi, MockBa, np-T BepHagckoro, a. 78). E-mail: kudryavcev_a@mirea.ru.
Scopus Author ID 55219889700, ResearcherID O-1457-2016, https://orcid.org/0000-0002-2126-7404

Translated from Russian into English by V. Glyanchenko
Edited for English language and spelling by Thomas A. Beavitt

Russian Technological Journal. 2025;13(4):47-54
54


mailto:mirzoeva.elizaveta@gmail.ru
https://orcid.org/0009-0003-4874-7015
mailto:kudryavcev_a@mirea.ru
https://orcid.org/0000-0002-2126-7404

