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This study investigates the structural and electronic properties of
octahedral and hexagonal phases of CrX2 monolayers (where X = S, Se)
using the Quantum ESPRESSO package. Employing a first-principles
density functional theory (DFT) approach with generalized gradient
approximation (GGA), we analyze the impact of lanthanide atoms (L =
Ce, Pr, and Nd) on the structural and electronic features of CrXz. Total
energy, bond length, bond angle, and curvature are examined both with
and without lanthanide atoms. The primitive unit cell of the 2H/1T
phase forms a 120° rhombus with space groups (P63/mmc)/(P31).
Structural analysis demonstrates a direct correlation between atomic
number and geometrical properties, where increasing lanthanide
atomic number leads to longer Cr-X and L-X bond lengths, alongside the
smaller X-Cr-X and X-L-X bond angles. A comparison of total energy
between hexagonal and octahedral phases indicates that the latter
exhibits greater stability. The band structure of CrXz (where X = S, Se)
monolayers is studied both with and without lanthanide atoms,
concerning spin effects. The results show that the octahedral phase of
CrX2 exhibits metallic behavior with multiple bands intersecting the
Fermi level, while the hexagonal phase displays semiconducting
behavior with band gap values of 0.30 eV and 0.44 eV, respectively.
Concerning spin polarization in the presence of lanthanide atoms, CrXz:
demonstrates half-metal behavior, suggesting its suitability for use in
spintronic components.
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Introduction

Two-dimensional (2D) materials, characterized
by their smaller dimensions and quantum
confinement effect, exhibit unusual properties,
and offer potential for diverse applications
compared to bulk structures. Rapidly expanding
graphene, black
phosphorene, borophene, silicene, and transition
metal dichalcogenides (TMDs) have attracted
considerable interest in  scientific and
engineering domains. TMDs, characterized by the
MX; formula (where, M represents a transition
metal atom from groups IV-VIII and X denotes a

2D materials such as

atom including S, Se, or Te), are the prominent
representatives of 2D materials due to their

diverse crystal structures and ultra-thin
thickness, leading to novel applications in
electronics, optoelectronics, catalysts, energy

storage, among others [1-8].
The two principal phases of 2D compounds with
the MX, chemical formula are the 2H and 1T
phases, featuring a triangular prism and
octahedral respectively [1]. The
physical properties of MX; monolayers are
strongly linked to their crystal structure and
electronic band structure. In the following,
related to

structure,

several research studies these

materials will be introduced.

In a study conducted by H. Y. Lv et al [2], the
magnetic properties of CrSe;/CrTe, monolayers
under in-plane biaxial compression and tension
were investigated. The findings revealed that
under no strain, CrSe; and CrTe; monolayers

exhibit antiferromagnetic (AFM) and
ferromagnetic (FM) behavior, respectively,
consistent with their bulk counterparts.

Interestingly, strain emerged as an effective
means to modulate the magnetic and electronic
properties of  CrSe;/CrTe; monolayers,
positioning them as potential candidates for
future nano-electronic applications warranting
further experimental investigation.

In the research conducted by Kaiyun Chen et al.
[9], using density functional theory (DFT)
calculations, all TMDs from groups 1V, V, and VI
studied. The study
introduced CrS; as a unique material suitable for
design,
electronic and magnetic properties to meet the
demands of spintronic systems. CrS; exhibits a
non-magnetic semiconductor 2H phase with a

were  systematically

spintronic  device offering diverse

direct band gap and an antiferromagnetic
1T phase. Notably, 1T' phase
represents the ferromagnetic ground state and
serves as a semiconductor with indirect band
gaps of 0.26 eV and 1.92 eV for up-spin and
down-spin electrons, respectively. Remarkably,
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uniaxial compression and tension along the y-
direction can transform the 1T phase into either
an up-spin or down-spin semi-metallic state,
presenting a unique feature beneficial for
spintronic device design. The findings underscore
CrS; as an excellent material for developing
simple
producing multifunctional spintronic nanoscale
devices. In the review article published by Maria
Hasan et al. [10], Crystal structure, synthesis, and
characterization of different chromium-based
two-dimensional compounds studied
comprehensive. This review article indicates that
2D chromium-based compounds synthesized
through CVD could contribute majorly to the
emerging field of spintronics circuits.

Researchers [11] investigated the stability and
electronic properties of MX; monolayers using
density functional theory (DFT) simulations.
Moreover, the absorption and diffusion of lithium
in the stable phase of MX,; were explored. The
results indicate that lithium is energetically
adsorbed on MX,; monolayers, which exhibit
narrow bandgap
behavior. These findings suggest that most MX;
monolayers hold promise as potential anode
materials for Li-ion batteries. In the report by
Bastos et al. [12], investigations were conducted
on 27 compositions of bulk transition metal
dichalcogenides (TMDs), combining 9 transition
metals (Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W) with
three chalcogens (S, Se, and Te) across three
phases: 1T, 2H, and 1Td. Equilibrium geometry
configurations and the lowest energy phase for
each material were calculated, corresponding
with  experimental previously
synthesized compounds. Magnetic order was also

and cost-effective  structures for

were

semiconductor or metallic

data for

considered, revealing that certain compounds
containing Cr and transition metals in the V
group exhibit ferromagnetic or antiferromagnetic
behavior. The exfoliation energy of all stable
materials was determined, indicating weak
interlayer coupling for most studied TMDs,
implying that their 2D form can be easily
synthesized through the exfoliation method.

Wang et al. [13] demonstrated the tunability of
intralayer magnetization in CrS; multilayers

through interlayer engineering, direct charge

doping, and elemental substitution. Notably, the
transition from spin-antiferromagnetic (sAFM) to
in-plane ferromagnetic (FM) occurs as thickness
increases from monolayer to multilayer, with
interlayer coupling strongly favoring FM. Their
results underscore the exceptional tunability of

magnetic  properties alongside electronic,
mechanical, vibrational, and optical properties,
opening avenues for manipulating CrS;

multilayers transitioning between sAFM and FM
applications in magnetic data
recording and processing.

In a study published by Korotaev et al, the effect
of adding lanthanides on chromium chalcogenide
was investigated, revealing that while states

modes for

distribution, it does increase phonon scattering
and decrease the thermal conductivity of these
materials [14].

In general, the previous studies demonstrate that
TMDs exhibit interesting band structures with
tunable band gaps, a crucial element determining
their properties and applications in various fields.
Unlike graphene, which is a semi-metal with a
zero-band gap applications in
electronics and photoelectronics [15-21], TMDs
offer variable band gaps ranging from zero to 3
eV, tunable by factors such as thickness, defects,
and deformation
(compression and tension). Leveraging their

limiting its

impurities, mechanical
unique crystal and electronic structures, TMDs
hold immense potential electronics,
optoelectronics, catalysis, energy conversion and
storage, and sensing applications [22-28].

Studies have been conducted by researchers to
investigate the structural and electronic
properties of lanthanide-doped TMDs.
Effects of La and Ce doping on
electronic structure and optical properties of
janus MoSSe monolayer reported by Thi-Nga Do
et al. [29]. Their results show that by increasing
the doping MoSSe
monolayer switched from semiconductor to
metal. Likewise, they report that La and Ce doped
MoSSe monolayer are potential candidate for

acCross

For
example,

concentration, Janus

spintronics, nanoelectronics, and optoelectronics.
Experimental computational
investigations of La-Doped MoS; nanosheets with
tuned bandgap for dye degradation

fabrication and

and
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antimicrobial activities reported by Muhammad
Ikram et al. [30]. A redshift is observed upon La
doping, indicating that the bandgap is lowered
after La doping in MoS,. Investigation of the
changes in bandgap and electronic structure
reveal that doping of La introduces new states
within the bandgap region, allowing for further
induced energy transitions. JIANG Gange et al
[31] studied the structure, as well as electrical
and optical properties of rare earth element (La,
Eu, and Ho) doped monolayer WSe; based on
DFT. Monolayer tungsten selenide possesses
outstanding properties, including the excellent
thermal stability, electronic transport, and large-
scale scalability. Doping with rare earth elements
(La, Eu, and Ho) results in a P-type conductive
transmission characteristic of monolayer WSe;,
enhancing its conductivity and exhibiting semi-
metallic properties. In addition, doping with La,
Eu, and Ho improves the light detection ability
and visible light utilization of monolayer WSe; in
the infrared and has potential
applications in the deep ultraviolet region.

To the best of our knowledge, among the
extensive research on TMDs, there are no first-
principle on the effect of adding
lanthanides on the structural and electronic
properties of chromium chalcogenide (CrX:)
monolayers. Therefore, this research aims to
theoretically investigate the
electronic properties of different phases of CrX;
(X=S, Se) monolayers in the presence of
lanthanides (Ce, Pr, and Nd).

region,

studies

structural and

Computational Method

All calculations in this research were conducted
using the Quantum Espresso computing package
based on density functional theory (DFT) [32].
The generalized gradient approximation GGA-
PBE was selected for the exchange-correlation
potential [33]. The
pseudopotentials were used for Cr, S and Se
atoms. Density functional theory calculations
were performed for a specific set of k points
within the first Brillouin zone using a self-
consistent method. The accurate selection of
parameters such as the number of k points and

IlOI'm-COI’lSGI'ViI’lg

the convergence parameter significantly impacts
the speed and accuracy of the calculations. As
depicted in Figure 1, the appropriate cutoff
energy to distinguish valence states and core
states of CrSz-2H, CrS2-1T, CrSe;-2H, CrSe;-1T
monolayers was determined to be 200, 100, 100,
and 200 Ry, respectively. Using these energy
values, the entire structure under consideration
was minimized. The suitable number of k points
to achieve sufficient accuracy and minimize the
total energy was selected as (20x20x1),
(24x24x1), (30x30x1), and (22x22x1) for CrS;-
2H, CrS,-1T, CrSez-2H, and CrSe,-1T monolayers,
respectively, based on Figure 2. To prevent the
interaction between the adjacent layers, a
vacuum layer of 20 A was included perpendicular
to the plane of the structures. Subsequently, all
studied structures in the presence and absence of
lanthanide atoms were optimized by minimizing
the pressure and force up to the order of 10-6. Van
der Waals
considered in this study. The spin-orbit coupling
(SOC) effect is not considered because the SOC
effect on band structure is negligible for CrS,, as
reported in previous study [9,34].

interaction correction is not

Results and Discussion

Crystal Structure of CrX: Monolayers in the
Presence and Absence of Lanthanides

The physical properties of CrX; monolayers are
closely related to their crystal and electronic
structures, necessitating a thorough
understanding of their crystal structures. CrX»
monolayers exhibit three phases: hexagonal (2H),
octahedral (1T), and distorted octahedral (1T').
For this study, we focused on the two most stable
phases: 2H and 1T. Figures 3 and 4 illustrate the
geometrical structures of the hexagonal (2H) and
octahedral  (1T)
chalcogenide (CrX,, where X=S, Se) monolayers
after relaxation, from side view (a) and top view
(b), respectively. Ball-and-stick models of the
hexagonal phases of the
structures in the presence of lanthanides (Ce, Pr,
and Nd) are shown in Figures 5 and 6,
respectively. The primitive unit cell is a 120°
rhombus with a P63 /mmc space group for the 2H
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phase and a P31 space group for the 1T phase.
The 2H phase can transition to the 1T phase by
sliding the top layer (X atoms) to the hexagon
[11]. such as heat,
electrochemical doping, and strain can convert
the 2H phase to the 1T phase [35]. Qiu Jin et al.
[36] discussed various 2H—1T phase transition
mechanisms of MoS, nanosheets that consist of
nucleation and propagation steps, which were
simulated by
rotational/translational movements, single atom
translational and the gliding
movement of one row for sulfur (S) atoms, on
both the basal plane and Mo- and S-edges with
different S coverages were investigated.

The crystal structure consists of a 2D layer of Cr
atoms (positively charged) sandwiched between
two hexagonal lattices of X atoms (negatively
charged). Each Cr atom is surrounded by the six
nearest chalcogen atoms, and each X atom is
linked to the three nearest Cr atoms with ionic
Cr-X bonds. The Cr atoms are located at the
lattice  positions  of  hexagonal close-
packed/octahedral centers in the 2H/1T phase
[11]. In the pure structure of these samples, the
unit cell comprises three atoms (two X atoms and
one Cr atom), and the bond lengths between the
atoms are provided in Table 1 compared with the
results of other researchers. Based on Table 1, it
is evident that the structural properties of CrX:
monolayers obtained in this study align with the
findings of other researchers [11-13]. With
lanthanides, a lanthanide atom is introduced at
the top of the structure, indicated in pink in
Figures 5 and 6. Therefore, the unit cell of
lanthanide-doped structures consists of four
atoms:

centers Several stimuli

collective  rotational and

movement,

one chromium atom, two chalcogen
atoms, and one lanthanide atom. Table 1
indicates the total energy of the structures after
relaxation, curvature value, bond angle, and
lattice constant. The total energy encompasses
the kinetic energy of the non-interacting system,

external energy, Hartree energy, and exchange-

correlation term. Examination of the results
reveals that the total energy of the CrS; structure
is more negative than that of the CrSe; structure,
indicating the greater stability of CrS; in terms of
energy. In addition, a slight energy difference
exists between the hexagonal and octahedral
phases, with the octahedral phase exhibiting a
higher stability. This finding is consistent with
previous research, which confirms the 1T phase
is more stable than 2H in CrS; [11] and CrSe;
[12]. With lanthanides, the stability of the
structures increases compared to their pure
state, reflected by a more negative total energy.
Furthermore, increasing the atomic number of
lanthanides doped into the structure results in
more negative total energy and increased
structural stability. Cr-X bond length and X-Cr-X
bond angle are larger in the hexagonal phase
compared to the octahedral phase. With
lanthanides, the Cr-X bond length increases, with
the longest bond length observed for the Nd atom
and the shortest for the Ce atom. Moreover,
increasing the atomic number of lanthanides
leads to longer Cr-X and L-X bond lengths and
decreased X-Cr-X and X-L-X bond angles. The
results analysis indicates a direct relationship
between atomic number and bond length.
Generally, the bond length between two atoms is
the sum of their covalent radii, with larger atomic
numbers corresponding to larger covalent radii
and consequently longer bond lengths. Other
reports also demonstrate an increase in lattice
constants and bond lengths across all MX; (in this
study M=Cr) monolayers as the element X varies
from S to Te [11]. This variation can be attributed
to the increasing atomic radius of elements X
from S to Te. Curvature is the buckling parameter
which was calculated using XCrySDen software.

Concerning curvature, the hexagonal phase
exhibits more bending compared to the
octahedral phase, and the presence of

lanthanides enhances the curvature, as expected.
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Figure 1: Variation of total energy (eV) in terms of the cutoff energy (Ry) of (a) CrSz-2H, (b) CrS2-1T, and (c)
CrSez-2H and (d) CrSez-1T structures. Green arrow indicates proper cutoff energy

(a) CrS:-2H (b) CrS:-1T

-91 i " A 2 M 86

-8704
-9114

-s714
< 912+

Euae (V)
EculeV)

~8724

) ' . .

-91

4 s "z 16 2 z" » Gy 8 22 16 20 24 28 32 36
k-grid
i< k-grid
(c) CrSes-2H (d) Crse-1T
P S ko T AT -799 : :
-835.5 L -800]
-8361
__-801]
s s
3 83659 3
-8021
-8374 L
-837.51 ' L =003 '
4 8 12 16 20 24 28 32 36 40 44 M H 12 16 20 24 28
k-grid k-grid

Figure 2: Variation of total energy (eV) in terms of k-grid of (a) CrSz-2H, (b) CrSz-1T, (c) CrSe2-2H, and (d) CrSe:z-
1T structures. Green arrow indicates proper k-grid
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Figure 3: Geometrical structure of hexagonal phase of CrXz (where X =S, Se) monolayers after relaxation from
side view (a) and top view (b). Chromium atom is marked with blue color and chalcogen atom is marked with
yellow color

Figure 4: Geometrical structure of octahedral phase of CrXz (where X =S, Se) monolayers after relaxation from
side view (a) and top view (b). Chromium atom is marked with blue color and chalcogen atom is marked with
yellow color

(a)
a0

¥y
t
[
Figure 5: Geometrical structure of the hexagonal phase of CrXz (where X = S, Se) monolayers with lanthanide

atoms (L = Ce, Pr, and Nd) after relaxation from side view (a) and top view (b). Chromium atom is marked with
blue color, chalcogen atom with yellow color, and lanthanide atom with pink color
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(a)

Figure 6: Geometrical structure of the octahedral phase of CrXz (where X = S, Se) monolayers in the presence of
lanthanide atoms (L = Ce, Pr, and Nd) after relaxation from side view (a) and top view (b). Chromium atom is
marked with blue color, chalcogen atom with yellow color, and lanthanide atom with pink color

Table 1: Total energy, bond length, curvature value, and bond angle of hexagonal (2H) and octahedral (1T)
phase of CrXz (where X=S§, Se) structures after relaxation with and without lanthanide atoms (L=Ce, Pr, and Nd)
and comparison with the previous results

Structure Total energy Cr-X L-X curvature X-Cr-X L-X-L
(eV) Bond length A Bond length A Bond angle Bond angle
A @) ()
CrSz-2H | pure -915.45 2.42 - 4.44 133.75 -
2.318[41]
+Ce -1023.95 2.75 3.06 4.83 100.43 79.79
+Pr -1094.45 2.78 3.07 4.84 100.19 79.36
+Nd -1162.88 2.83 3.09 4.88 100.02 79.14
CrSz- 1T | pure -915.89 2.40 - 2.87 91.21 -
2.41[11] 88.2 [12]
2.38[13]
+Ce -1024.77 2.61 3.06 4.34 83.94 80.14
+Pr -1095.35 2.64 3.09 4.42 83.29 79.37
+Nd -1163.60 2.66 3.10 4.45 82.89 79.11
CrSez- 2H | pure -837.48 2.57 - 4.74 134.15 -
2.452[41]
+Ce -947.07 2.77 3.21 5.13 100.29 79.99
+Pr -1017.65 2.86 3.22 5.17 99.80 79.74
+Nd -1085.89 2.88 3.26 5.24 99.09 79.27
CrSez- 1T | pure -838.04 2.45 - 3.21 98.04 -
2.56[11]
+Ce 947.87- 2.72 3.23 4.68 82.02 78.45
+Pr -1018.32 2.74 3.24 4.71 81.75 78.36
+Nd -1086.42 2.76 3.27 4.75 81.13 77.99
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Band Structure of CrX; Monolayers with and
without Lanthanide Atoms  without Spin
Polarization Effect

The band structure reveals the permitted energy
levels that electrons can adopt with the k wave
vector. It determines the conductivity
characteristics of the material (ie. conductor,

(a) CrS2-2H

1
0-'\_/—'_\,_
l. h

E - Ef (eV)

(¢) CrS2-2H + Pr

% 13 : i
= % : :
- 0 :
- -2} ﬁi* -

3 s g

-4 § /

-5 H H

K r M K

E - Er (eV)

E - Et (eV)

semiconductor, and insulator), as well as the
location and size of the energy gap and the Fermi
level value. Directions with high symmetry in the
first Brillouin zone are chosen along the K-I'-M-K
path. The band structure of CrS;-2H, CrS,-1T,
CrSe;-2H, and CrSe;-1T monolayers in the
presence and absence of lanthanide atoms (L =
Ce, Pr, and Nd) is depicted in Figures 7-10.

(b) CrS2-2H + Ce

Figure 7: Band structure of (a) hexagonal phase of CrSz monolayer in the absence of lanthanide atoms, (b)
hexagonal phase of CrSz monolayer in the presence of Ce atom, (c) hexagonal phase of CrSz monolayer in the
presence of Pr atom, and (d) hexagonal phase of CrSz monolayer in the presence of Nd atom. The Fermi level is
marked with an orange dashed dot at the zero point

To facilitate comparison, the Fermi level of all
structures at the zero point is marked with an
orange dotted line. According to the band
structure diagrams, it is evident that the
octahedral phase of CrX; (where X=S, Se)
structures exhibits metallic behavior (MB), with
several bands level.
However, the hexagonal phase of these structures
and

intersecting the Fermi
demonstrates semiconducting behavior
possesses a band gap. Specifically, the hexagonal
CrS; and CrSe; monolayers have band gaps of
0.30 eV and 0.44 eV, respectively. The previous

studies also support that hexagonal and
octahedral CrX; structures exhibit
semiconducting and metallic behavior,

respectively. The electronic configurations for the
Cr atom are [Ar] 3d5 4sl. The d orbital dictates
the electronic behavior of the material. If the d
orbital is completely full or empty, the TMDs
exhibit semiconducting characteristics, whereas
if the d orbital is partially occupied, the TMDs
exhibit metallic behavior. The crystal symmetry,
i.e. the polymorphic phase, significantly
influences the energy of the d bands, resulting in
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different electronic properties depending on the
polymorphic phase. For instance, in this study,
CrX; is metallic in the 1T phase but
semiconductor in the 2H phase. The bandgap
values of the examined structures and the
reported band gap sizes from previous are
provided in Table 2 [11-13].
discrepancy between the results of this research
and other studies, which is attributed to the type
of  exchange-correlation The
exchange-correlation functional used in this
study is GGA-PBE approximation, whereas most
other articles employ different functionals such
as Heyd-Scuseria-Ernzerhof functional (HSE06).
In the first principle methods based on density
functional theory, the use of local exchange-
correlation functionals (such as the LDA
approximation) and semi-local (such as the
generalized gradient approximation GGA-PBE) in
calculating the band gap of semiconductors
results in the gap being obtained to a much lesser
extent than the experimental value. The use of
hybrid functionals such as PBEO and HSEO06, in
which a non-local Hartree-Fock exchange is
combined with an LDA or GGA functional, reduces
the self-interaction energy error and leads to
more accurate values of the band gap, but the
computational cost of using these functionals is
very high [37]. For instance, Kaiyun Chen et al. [9]
calculated and compared the band structure
using GGA-PBE and HSEO06 methods. Their results
show that the band gap obtained by the GGA-PBE
and HSE06 methods is 0.3734eV and 0.7642¢V,
respectively, which is consistent with the results
of this study based on the GGA-PBE method.

For the hexagonal phase of CrS2 in the presence
of lanthanide atoms (L = Ce, Pr, and Nd), several
bands
metallic behavior. In the presence of Ce atoms,
these bands are densely concentrated in the
conduction band (ranging from +3 eV to +5 eV),

There is a

functional.

intersect the Fermi level, indicating

attributed to their 4f shells. The electronic
configurations for Ce, Nd, and Pr are [Xe]4f! 5d!
6s2, [Xe]4ft 5d° 6s2, and [Xe]4f3 5d° 6s?,
respectively. With Nd atoms, these bands are
situated around the Fermi level, while for Pr
atoms, they are located in the valence band. In the
octahedral phase, only with Ce atoms does the
structure exhibit semiconducting behavior with a
band gap of 0.42 eV, while in the presence of Nd
and Pr atoms, it displays metallic behavior.
systems.

Similar behavior was observed by Ouma et al
[38]. They studied electronic, magnetic and
optical properties of lanthanide substitutional
doping on the MoS; monolayer. They reported
that the d and f orbitals of the dopants play a key
role in determining the electronic properties of
the doped systems. The spin asymmetry of the d
and f states near the Fermi level gives rise to a
non-zero band gap in Ce doped Focusing on the
case of d and f donor states show that these states
result from the d.? and f,3.3,2 orbital in the case of
Ce doping. Likewise, researchers reported that

introducing transition metal (TM) in 2D system is
an effective route to modulate its electronic
properties. TM doping in MoS; sheet provides a
strategy to obtain diluted magnetic
semiconductors [39].

The accumulation of bands
predominantly observed for the Pr atom around
the Fermi Both the hexagonal
octahedral phases of CrSe, demonstrate metallic
behavior in the presence of lanthanide atoms (L =
Ce, Pr, and Nd). The band accumulation pattern in
the hexagonal phase of CrSe; mirrors that of CrS,-
2H. However, in the octahedral phase of CrSe,

new
in this case is

level. and

band accumulation in the presence of Ce and Nd
atoms occurs in the conduction band, whereas for
Pr atoms, it is observed in the valence band and
close to the Fermi level.
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Table 2: Band gap of hexagonal (2H) and octahedral (1T) phases of CrXz (where X=S, Se) structures after
relaxation in the presence and absence of lanthanide atoms (L=Ce, Pr, and Nd)

Structure Band gap without spin Band gap with spin polarization (eV)
polarization (eV)
CrSz2- 2H pure 0.30 Up: MB
1.35[9] 0.970 [41] Down: MB
0.604 [11]
+Ce MB Up: MB
Down: MB
+Pr MB Up: MB
Down: 0.50
+Nd MB Up: MB
Down: MB
CrSz- 1T Pure MB Up: MB
0.0 [14]
Down: MB
+Ce 0.42 Up: MB
Down: 0.40
+Pr MB Up: MB
Down: MB
+Nd MB Up: MB
Down: MB
CrSez- 2H Pure 0.44 Up: MB
0.789 [41] 0.589 [11]
Down: MB
+Ce MB Up: MB
Down: MB
+Pr MB Up: MB
Down: 0.48
+Nd MB Up: MB
Down: MB
CrSez- 1T Pure MB Up: MB
Down: MB
+Ce MB Up: MB
Down: MB
+Pr MB Up: MB
Down: MB
+Nd MB Up: MB
Down: MB
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Figure 8: Band structure of (a) octahedral phase of CrSz monolayer in the absence of lanthanide atoms, (b)
octahedral phase of CrSz monolayer in the presence of Ce atom, (c) octahedral phase of CrSz monolayer in the
presence of Pr atom, and (d) octahedral phase of CrS2 monolayer in the presence of Nd atom. The Fermi level is
marked with an orange dashed dot at the zero point
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Figure 9: Band structure of (a) hexagonal phase of CrSez monolayer in the absence of lanthanide atoms, (b)
hexagonal phase of CrSez monolayer in the presence of Ce atom, (c) hexagonal phase of CrSez monolayer in the
presence of Pr atom, and (d) hexagonal phase of CrSe; monolayer in the presence of Nd atom. The Fermi level is

marked with an orange dashed dot at the zero point
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Figure 10: Band structure of (a) octahedral phase of CrSez monolayer in the absence of lanthanide atoms, (b)
octahedral phase of CrSe2 monolayer in the presence of Ce atom, (c) octahedral phase of CrSez monolayer in the
presence of Pr atom, and (d) octahedral phase of CrSe2 monolayer in the presence of Nd atom. The Fermi level is

marked with an orange dashed dot at the zero point

Band Structure of CrX, Monolayers in the Presence
and Absence of Lanthanide Atoms Considering Spin
Polarization Effect

The band structure of CrS;-2H, CrSz-1T, CrSez-2H,
and CrSe;-1T monolayers both with and without
lanthanide atoms (L=Ce, Pr, and Nd) for up and
down spins are demonstrated in Figures 11-14.
The Fermi level of all structures is at the zero
point and marked with a blue dotted line. Up spin
is depicted in black, and down spin is illustrated
in red line. Upon examining the band structure of
CrS;-2H, CrS;-1T, CrSez-2H, and CrSez-1T
monolayers while concerning spin effects, it is
observed that the hexagonal CrS; structure, only
with Pr atoms and for down spin, exhibits a direct
band gap of 0.50 eV, indicating half metal
behavior. In all other states, it displays metallic
behavior.

A half-metal material is metallic in one spin
channel and exhibits semiconductor or insulator
behavior in the opposite channel and are
essential for spintronics applications where one

needs to read, write, store, and transfer spin-data.
The field of spintronics is based upon the use of
the direction of spin of electrons rather than their
charge. Zhicui Wang et al. [40] were designed and
examined MX; (M = Cr, Mn; X = Se, Te) magnetic
material with a square lattice through first-
principle calculations. Their results show that
half-metal
considered as crucial materials for the spintronic

Ferromagnetic materials  are
devices due to the fully spin-polarized carrier
transport.

In the case of the octahedral CrS; monolayer with
Ce atoms for down spin, an indirect band gap of
0.40 eV can be observed, representing the half-
metal behavior of this structure, while the rest
exhibit metallic behavior. Similarly, hexagonal
CrSe, displays a band gap of 0.48 eV with Pr
atoms for down spin, indicating half-metal
behavior, exhibit
metallic behavior. However, the octahedral CrSe;
behaves metallically with lanthanide atoms,
considering spin effects. The band gap value of

whereas other structures
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the studied structures both with and without
lanthanide atoms, considering up and down spin,
is reported in Table 2. A comparison of the band
structure in Figures 11-14 reveals asymmetry
between up and down spins in all these
structures, indicating their magnetic nature. The

(a) CrSz2 - 2H

E-Ei(eV)

E-Ei(eV)

band structure of CrS;-2H and CrSe;-2H with and
without exhibits
patterns, with band accumulation near the Fermi
level observed only for Pr and Nd atoms. This
pattern is also evident in the octahedral phase of
CrS; and CrSe;.

(b) CrSz - 2H + Ce

lanthanide atoms similar

— Up
— Down

E-Er(eV)

Ei(eV)

E-

Figure 11: Band structure of (a) hexagonal phase of CrSz monolayer in the absence of lanthanide atoms, (b)
hexagonal phase of CrSz monolayer in the presence of Ce atom, (c) hexagonal phase of CrSz monolayer in the
presence of Pr atom, and (d) hexagonal phase of CrSz monolayer in the presence of Nd atom. The Fermi level is
marked with a dashed blue dot at the zero point. Up spin is marked in black and down spin is marked in red
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Figure 12: Band structure of (a) octahedral phase of CrSz monolayer in the absence of lanthanide atoms, (b)
octahedral phase of CrSz monolayer in the presence of Ce atom, (c) octahedral phase of CrSz monolayer in the
presence of Pr atom, and (d) octahedral phase of CrSz monolayer in the presence of Nd atom. The Fermi level is
marked with a dashed blue dot at the zero point. Up spin is marked in black and down spin is marked in red
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Figure 13: Band structure of (a) hexagonal phase of CrSez monolayer in the absence of lanthanide atoms, (b)
hexagonal phase of CrSe2 monolayer in the presence of Ce atom, (c) hexagonal phase of CrSez monolayer in the
presence of Pr atom, and (d) hexagonal phase of CrSez monolayer in the presence of Nd atom. The Fermi level is

marked with a dashed blue dot at the zero point. Up spin is marked in black and down spin is marked in red
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Figure 14: Band structure of (a) octahedral phase of CrSez monolayer in the absence of lanthanide atoms, (b)
octahedral phase of CrSe; monolayer in the presence of Ce atom, (c) octahedral phase of CrSez monolayer in the
presence of Pr atom, and (d) octahedral phase of CrSe2 monolayer in the presence of Nd atom. The Fermi level is

marked with a dashed blue dot at the zero point. Up spin is marked in black and down spin is marked in red
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To investigate the magnetic properties of the CrX»
monolayer (X=S, Se) with and without lanthanide
atoms (L= Ce, Pr, and Nd), the magnetic moment
of these structures was calculated and presented
in Table 3. The results showed that the magnetic
moment of all these structures is non-zero,
signifying their magnetic ground state. Taking

into account the electronic configuration of

lanthanide atoms, it was observed that in Ce, Pr,
and Nd atoms, the outermost orbital layer is 4f,
which remains partially filled, resulting in the
formation of a magnetic ground state. In addition,
with the presence of lanthanides and increasing
the atomic number of lanthanides, the magnetic
moment rises.

Table 3: Magnetic moment value of CrXz (where X=S, Se) monolayer with and without lanthanide atoms (L= Ce,

Pr, and Nd)
STRUCTURE CRS:-2H CRS:-1T CRSE:-2H CRSEz-1T
Pure | +Ce | +Pr | +Nd | Pure | +Ce | +Pr | +Nd | Pure | +Ce | +Pr | +Nd | Pure | +Ce | +Pr | +ND
M (1B) 200 [ 539 [ 669 | 725221 | 527|643 714|214 | 558 | 698 | 7.39 | 245 | 523 | 643 | 7.18
Conclusion the hexagonal phase of CrS; in the presence of

This study examined the structural and electronic
properties of CrX, (X=S, Se) monolayers both
with and without lanthanide atoms (L= Ce, Pr,
and Nd). The Quantum Espresso computing code,
which is rooted in the density functional theory
employed to calculate the
structural and electronic properties through
GGA-PBE approximation. The effect of dopant
atoms on the electronic band structure was also
studied and analyzed. In this research, we
examined two additional stable phases: 2H and
1T. The 2H phase can be converted to the 1T
phase by sliding the top layer (X atoms) to the
hexagon centers.

Structural results show that with the inclusion of
lanthanide atoms, the stability of the structures
increased compared to the pure state, and the
total energy became more negative. With the
increase in atomic number of lanthanides doped

approach, was

into the structure increased, the total energy
became more negative, enhancing the structure’s
stability. Moreover, increasing the
number of lanthanides led to longer Cr-X and L-X
bond lengths while reducing X-Cr-X and X-L-X
bond angles.

atomic

Results from the band structure show that
hexagonal/octahedral phases of CrX, (where X=S,
Se) displaying
semiconducting/metallic behavior. In particular,
the hexagonal CrS; and CrSe; monolayers have
band gaps of 0.30 eV and 0.44 eV, respectively. In

structures

lanthanide atoms, several bands cut the Fermi
level, indicating metallic behavior. In contrast, in
the octahedral phase, only with Ce atoms does
the structure exhibit semiconducting behavior
with a band gap of 0.42 eV, while in the presence
of Nd and Pr atoms, it displays metallic behavior.
Similarly, the hexagonal and octahedral phases of
CrSe; indicate metallic behavior with lanthanide
atoms.

Taking into account spin-polarized effects, CrS,-
2H+Pr, CrS;-1T+Ce, and CrSe;-2H+Pr exhibit a
band gap for the down spin, indicating half-metal
behavior. Given that half-metal materials offer
the possibility of unprecedented
magnetoresistance, there is huge potential for
device applications. More interestingly, we found
that the doping with lanthanide atom could turn
CrS; and CrSe; into spin-down half metals. Such a
the
using a

unique feature enables designing of

spintronic  devices
CrS2/CrSe; crystal, which poses a challenge in the

miniaturization of spintronic devices.

monolayer of
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