
47

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

© E.T. Mirzoeva, A.V. Kudryavtsev, 2025

ISSN 2500-316X (Online)

UDC 544.225
https://doi.org/10.32362/2500-316X-2025-13-4-47-54
EDN STUTJW

Micro- and nanoelectronics. Condensed matter physics

Микро- и наноэлектроника. Физика конденсированного состояния

RESEARCH ARTICLE

Ab initio calculations  
of the electronic structure of CeI3 monolayer

Elizaveta T. Mirzoeva,  
Andrey V. Kudryavtsev @

MIREA – Russian Technological University, Moscow, 119454 Russia
@ Corresponding author, e-mail: kudryavcev_a@mirea.ru

• Submitted: 15.01.2025 • Revised: 14.02.2025 • Accepted: 15.05.2025

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 CeI3 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 CeI3 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 CeI3 
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 CeI3 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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Резюме 
Цели. Двумерные магнетики, благодаря своим уникальным характеристикам и качественно новым физи-
ческим свойствам по сравнению с объемными структурами, обладают значительным потенциалом для при-
менения в спинтронике и магнитных запоминающих устройствах. Теоретические исследования двумерных 
магнитных структур позволяют сузить область поиска новых соединений и дополнить экспериментальные 
данные. Целью данной работы является теоретический расчет электронной структуры двумерного магнети-
ка CeI3, включающий учет хаббардовского отталкивания на узле, расчет парциальной плотности электронных 
состояний и расчет распределения спиновых и зарядовых плотностей.
Методы. Расчеты электронной структуры монослоя CeI3 выполнены с использованием программного паке-
та VASP в рамках теории функционала плотности, а также в рамках теории функционала плотности с учетом 
поправки Хаббарда. Для учета поправки Хаббарда использовался метод Дударева.
Результаты. Рассчитаны энергетические плотности электронных состояний и величины запрещенных зон 
для ферро- и антиферромагнитной конфигураций материала, равные соответственно 1.98 и 2.08 эВ. Для 
оценки влияния корреляционных эффектов проведен расчет плотностей состояний как с учетом поправки 
Хаббарда, так и без него. Определено, что в основном магнитном состоянии система проявляет антиферро-
магнитное упорядочение спиновой подсистемы. Разница полных энергий с ферромагнитной конфигурацией 
составила 2.8 мэВ на формульную единицу. 
Выводы. Учет поправки Хаббарда наглядно продемонстрировал наличие характерной для полупроводни-
ковых материалов запрещенной зоны. Полученные ширины запрещенной зоны для ферромагнитной и ан-
тиферромагнитной конфигураций системы относятся к диапазону видимого света, что открывает возмож-
ности использования двумерного CeI3 в качестве люминесцентного материала в устройствах с магнитным 
управлением излучения. Представленные результаты согласуются с обобщенными результатами экспе-
риментальных исследований соединений на основе церия. Учет корреляционных эффектов и поляризации 
по спину в представленных расчетах открывает горизонт для дальнейшего изучения магнитных свойств мо-
нослоя CeI3 для технологических применений в области двумерного магнетизма.

Ключевые слова: двумерный магнетизм, теория функционала плотности, поправка Хаббарда, редкозе-
мельные металлы, плотность электронных состояний, люминесценция
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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 CeI3 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 CeI3 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 Å 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 × 16 × 1 was used for structure 
relaxation; 20 × 20 × 1, for self-consistent calculation; 
and 26 × 26 × 1, for DOS calculation. The crystal 
structure was relaxed until the total forces acting on each 
atom were less than 0.001 eV/Å. The relaxation of the 
electronic degrees of freedom was discontinued when 
the energy difference between two calculation iterations 
was less than 10−6 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-earth 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 m1 and m2 are magnetic quantum 
numbers (m1, m2 = −3, −2, …, 3 in the case of f-shell 
electrons); 

1 2,m mnσ  is the matrix element of the density 

matrix with spin σ; 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 f electrons [21, 22].

The first term of EDFT 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 f electrons.

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 CeI3 monolayer contains two cerium 
atoms and six iodine atoms. The crystal structure is an 
orthorhombic with unit cell parameters of 4.32 × 9.98 Å 
and a pseudovacuum space of 25 Å (Fig. 1). Cerium 
atoms are marked in yellow; iodine atoms are marked in 
violet. The model cell is outlined by a solid black line.

I
Ce

c b

(b)(а)

b ca a

Fig. 1. CeI3 monolayer: (a) side view; (b) top view

Figure 2 presents the dependencies of the partial 
densities and total DOS on energy for the 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 CeI3 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), EF is the Fermi energy

The presented dependence of the DOS does not show 
a bandgap, which is characteristic of semiconductors, 
although 2D CeI3 is presumably a semiconductor material. 
This discrepancy is due to incorrect consideration of the 
correlation effects for localized electrons of the 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 CeI3 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 CeI3 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-earth 
elements, including cerium [26, 27].

Cerium is the first element in which occupied states 
appear on the f shell. 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 CeI3 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 × 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:

 ΔE = EAFM – ЕFM = −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 CeI3 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)
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Fig. 5. Spin density distributions in the CeI3 supercell 
for the (a) FM and (b) AFM configurations on isosurfaces 

of ±0.0009 e/Å3 in the spin-up (blue)  
and spin-down (white) polarizations
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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—CeI3—
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 CeI3 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 CeI3 
monolayer in the field of two-dimensional magnetism.
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