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ABSTRACT
This study investigates the structural, electronic, and magnetic properties of XBr2, 
XI2, and XBrI (X = Mn, Co) compounds using density functional theory, incorpo-
rating spin–orbit coupling and the GGA + U framework. Cohesive and formation 
energy calculations reveal that MnBr2 is most stable in the ferromagnetic phase, 
while the other compounds favor antiferromagnetic ordering. The inclusion of the 
effective Coulomb screening potential (Ueff) enhances the localization of 3d orbit-
als, leading to increased magnetic moments. Electronic structure analyses show 
that most compounds transition to semiconducting behavior in the antiferromag-
netic phase—except CoI2—while MnBr2, CoBr2, and CoI2 exhibit half-metallicity 
in the ferrimagnetic phase. In the antiferromagnetic phase, MnBr2, MnI2, and 
MnBrI display topological Dirac-like points between the R and Γ points, sug-
gesting the presence of massless fermions and enabling phenomena such as the 
quantum Hall effect and ultra-high carrier mobility. The computational results are 
consistent with available experimental data, highlighting the potential of Mn- and 
Co-based van der Waals compounds for spintronic and quantum applications.

Introduction

The exploration of magnetic materials at reduced 
dimensionality has recently gained significant momen-
tum due to their potential in advancing quantum and 
spintronic technologies. Two-dimensional (2D) mag-
netic materials, especially those with van der Waals 
(vdW) layered structures, enable fundamental studies 
of magnetism in low dimensions and offer new oppor-
tunities for ultra-compact, low-power device applica-
tions. One particularly attractive direction involves 

the use of such materials in spintronics, where both 
the charge and spin degrees of freedom of electrons 
are utilized to enhance memory density, logic per-
formance, and energy efficiency. The concept of spin 
qubits in 2D materials further opens possibilities for 
quantum computing, where control over magnetic 
ordering and spin coherence is critical.

In this context, transition metal halides with the 
general formula MX2 (M = transition metal; X = halo-
gen) have emerged as promising candidates. Their 
magnetic ordering, electronic structure tunability, and 
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compatibility with 2D architectures make them ideal 
systems for realizing functionalities such as spin filter-
ing, nonvolatile memory, magnetoelectric switching, 
and topological quantum phases. While recent stud-
ies have highlighted 4d and 5d transition metal-based 
MX₂ compounds due to their strong spin–orbit cou-
pling (SOC), the 3d transition metal-based systems—
such as MnX2 and CoX2—offer distinct advantages. 
These include more localized d electrons, rich mag-
netic phase behavior, and the possibility to capture 
strong electronic correlations using approaches such 
as DFT + U. Moreover, their elemental composition 
and synthesis routes are typically simpler and more 
scalable for experimental realization.

Several Mn- and Co-based MX₂ materials are 
known to exhibit half-metallic ferromagnetism, which 
is particularly valuable for spintronic applications. 
Additionally, these systems may display a range of 
magnetic states—ferromagnetic (FM), antiferromag-
netic (AFM), or ferrimagnetic—along with topological 
features such as Dirac-like crossings near the Fermi 
level. These features support spin-polarized transport 
and could enable phenomena such as quantum anom-
alous Hall effects and spin Hall effects, providing plat-
forms for low-dissipation electronics and quantum 
information devices.

MX2 compounds, such as MnBr2, MnI2, CoBr2, and 
CoI2, possess a CdI2-type hexagonal layered crys-
tal structure with the space group P3m [1–4]. Their 
structural simplicity and magnetic diversity make 
them ideal candidates for first-principles investiga-
tions. Experimental studies have reported intrigu-
ing magnetic behavior in these systems. For instance, 
MnI2 undergoes three successive magnetic phase 
transitions at low temperatures (3.95 K, 3.8 K, and 
3.45 K), ultimately entering an antiferromagnetic state 
below 3.45 K [5]. Kurumaji et al. demonstrated that 
MnI2 exhibits multiferroic behavior, with ferroelec-
tric polarization induced by a helical spin structure 
aligned along the [110] direction [6]. This behavior was 
supported by the identification of a spiral spin crystal 
structure by Wu et al. [7] and magnetization studies by 
Li et al. that confirmed antiferromagnetic transitions 
near 4 K [1].

Optical and magneto-optical properties of MnI2 
have also been well documented. Hoekstra et  al. 
reported absorption and magnetic circular dichroism 
spectra between 1.5 and 300 K, associating the features 
with d-d transitions of Mn ions [3], while additional 
optical measurements were conducted by Erk et al. [8]. 

CoI2, another compound with a CdI2-type structure 
and space group P3m , remains stable up to its melt-
ing point (515 °C) [9]. Magnetic measurements have 
determined a Co-site magnetic moment of approxi-
mately 1.67 μB [10], and neutron diffraction and mag-
netization studies have confirmed its antiferromag-
netic ground state, with spins aligned in-plane and 
coupled antiferromagnetically between layers due to 
easy-layer anisotropy [10–12]. Under external pressure 
(~ 10 GPa), CoI2 exhibits an insulator-to-metal transi-
tion [12, 13].

The magnetic behavior of CoI2 was further analyzed 
by Mekata et al., who identified a first-order magnetic 
transition at 9.4 K using neutron diffraction [14]. The-
oretically, CoBr₂ has been proposed to host a topo-
logically nontrivial magnetic state characterized by a 
Chern number of Z = 4Z = 4Z = 4 [15]. It also adopts a 
CdI₂-like structure with a small band gap (~ 0.2 eV) 
and lattice constants of a = b = 3.738 Å, c = 16.907 Å [16], 
and reported on-site Coulomb and exchange param-
eters of U = 1.3 eV and J = 0.3 eV, respectively. Below 
19 K, CoBr2 enters an antiferromagnetic phase with 
spins aligned perpendicular to the c-axis, as predicted 
by molecular field theory [17].

MnBr2 is also of considerable interest. It crystallizes 
in a CdI2 structure and displays antiferromagnetic 
ordering below 2.3 K, with spin moments perpen-
dicular to the c-axis [18, 19]. Structural details include 
Mn2+ ions located at (0, 0, 0), with Br⁻ ions occupy-
ing (1/2,2/3,1/4) and (1/2,1/3,3/4) positions. Its lattice 
constants are a = 3.868 Å and c = 6.272 Å [20]. Like 
MnI2, MnBr2 remains stable in the AFM phase, with 
a reported Néel temperature around 2.16 K [21, 22].

Despite this extensive body of work, several key 
physical properties of these materials remain unex-
plored—particularly the interplay between magnetic 
phase stability, electron correlations, and topological 
band structure. While experimental investigations pro-
vide valuable insight into the magnetic transitions and 
structures of these systems, a systematic comparative 
theoretical study that includes formation and cohesive 
energies, magnetic ordering trends, and the effect of 
electron correlation and SOC is still lacking.

In this work, we perform a comprehensive DFT-
based investigation of the structural, electronic, and 
magnetic properties of XBr2, XI2, and XBrI (X = Mn, 
Co) compounds. We examine the total energies of fer-
romagnetic and antiferromagnetic phases using GGA 
and GGA + U approaches, incorporating spin–orbit 
coupling and analyzing energy–volume curves, 
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formation energies, and cohesive energies. We also 
calculate the effective Coulomb screening potential 
Ueff for Mn and Co 3d orbitals and evaluate its effect 
on the band gap, magnetic moment, and density of 
states. Furthermore, we identify topological Dirac-like 
points near the Fermi level in selected Mn-based com-
pounds and analyze their potential for spin-polarized 
and massless charge transport. This study offers new 
insights into the electronic correlation effects and topo-
logical potential of 3d transition metal halides, contrib-
uting to the development of quantum and spintronic 
materials platforms.

Calculation method

Density functional theory (DFT) is a widely used 
method for studying and understanding the physical 
properties of materials. However, for systems contain-
ing transition, lanthanide, and actinide elements, the 
presence of strongly correlated d and f states renders 
the standard DFT approach within the generalized 
gradient approximation (GGA) insufficient. This limi-
tation arises from the strong on-site Hubbard interac-
tions, which are not adequately accounted for in con-
ventional GGA. To address this, the DFT + U method 
is often employed to treat d and f electrons more effec-
tively. The self-interaction correction approach is used 
to compute the exchange–correlation potential within 
the GGA + U framework [23, 24].

The results of this work were obtained using DFT 
as implemented in the WIEN2k computational code 
[25, 26]. This code solves the Kohn–Sham equations 
using the full-potential linearized augmented plane 
wave plus local orbital (APW + lo) method. In the 
APW + lo method, nonoverlapping muffin-tin spheres 
are assumed around each atomic position, with the 
remaining space treated as the interstitial region. 
Inside the muffin-tin spheres, the Kohn–Sham wave 
functions, electron charge density, and crystal poten-
tial are expanded in terms of spherical harmonics, 
while in the interstitial region, these quantities are 
expanded in terms of plane waves. The exchange–cor-
relation potential was evaluated using the generalized 
gradient approximation (GGA96) [27] within the Per-
dew–Burke–Ernzerhof (PBE) scheme and the general-
ized gradient approximation plus Hubbard parameter 
(GGA + U) method [23, 24, 28].

The GGA + U method is based on atomic-like orbit-
als and incorporates an orbital-dependent potential 

characterized by the Coulomb screening parameter 
U (Hubbard parameter) and the exchange coupling 
parameter J. The Hubbard parameter (U) for Co and 
Mn atoms in the GGA + U approach was calculated 
following the Anisimov and Gunnarsson method. 
Anisimov and Gunnarsson [28] defined U as the Cou-
lomb energy cost of placing two electrons on the same 
atomic site. The effective Coulomb screening potential, 
U

eff
= U − J  , for atoms in solids is directly calculated 

using ab initio methods. Due to electronic screening 
effects in the solid-state environment, U

eff
 for an atom 

in a solid is significantly smaller than its value for the 
corresponding isolated atom.

Anisimov and Gunnarsson [28] introduced a super-
cell approach to calculate U

eff
= U − J . In this method, 

the number of electrons is varied, and U
eff

 ​ is deter-
mined using the following relation:

Here, n represents the occupation number of the d 
or f orbitals, such as the 3d electrons of Co and Mn. 
�
3d↑ denotes the eigenvalue of the 3d electrons with 

spin-up, and �
F
 ​ represents the Fermi level eigenvalue 

within the GGA approach. All terms in this equa-
tion can be calculated using ab initio methods imple-
mented in the WIEN2k package [25, 26]. The first and 
third terms are computed in one step, while the second 
and fourth terms are obtained in another step. Thus, 
these four terms are evaluated using two separate self-
consistent calculations within a 2 × 2 × 22 \times 2 \
times 22 × 2 × 2 supercell.

The muffin-tin radii for all atoms were set 
as RMn = RCo = RBr = 2.1 a.u. and RI = 2.2 a.u. The 
Kohn–Sham equations were solved in the first 
Brillouin zone using 4500 k-points, corresponding to 
a 20 × 20 × 10 mesh. The angular momentum quan-
tum number lmax for wave function expansion within 
the muffin-tin spheres was set to 10, while the wave 
functions in the interstitial region were expanded up 
to K

max
= 9∕R

MT
(a.u.)−1 ​, where RMT ​ is the smallest 

muffin-tin radius in the unit cell. The Fourier expan-
sion cutoff for the charge density and potential in the 
interstitial region was set to G

max
= 14(Ry)1∕2.

All parameters, including the cutoff values and the 
number of k-points, were chosen to ensure conver-
gence of the forces at atomic positions and the total 
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energy. The forces were converged to within 0.1 mRy/
a.u, and the total energy was converged to 0.00001 Ry.

The WIEN2k code is widely used for studying 
the physical properties of solids. In this work, the 
structural optimization, structural parameters, elec-
tronic, and magnetic properties of XBr2, XI2​, and XBrI 
(X = Mn,  Co) compounds were investigated using 
both GGA and GGA + U approaches. The calculations 
include the electron density of states, band struc-
tures, and total and local magnetic moments for these 
compounds.

The studied compounds adopt a hexagonal layered 
van der Waals crystal structure with space group P3m . 
The structure features X layers sandwiched between 
two layers of Br or I atoms. Each central X atom is sur-
rounded by six Br or I atoms positioned at octahedral 
sites. Calculations were performed for nonmagnetic, 
ferromagnetic, and antiferromagnetic phases.

For the antiferromagnetic phase, a supercell crystal 
structure was used, where the spin magnetic moments 
of X atoms are parallel to the [110] direction. The mag-
netic moments of X atoms in adjacent cells are aligned 
antiparallel to one another. In ferromagnetic calcula-
tions, the magnetic moments of Mn or Co atoms in 
cell 1 and cell 2 couple parallel to each other. Con-
versely, in antiferromagnetic calculations, the mag-
netic moments of Mn or Co atoms in cell 1 and cell 2 
are antiparallel. In the ferrimagnetic phase, all electron 
moments align parallel to each other. However, in the 
antiferromagnetic phase, the electron moments in cell 
1 and cell 2 couple antiparallel.

Results and discussion

Structural properties

Determining the most stable magnetic ordering and 
magnetic crystal structure is essential for understand-
ing the behavior of magnetic materials. To identify the 
stable magnetic crystal structure of Mn and Co-based 
compounds (XBr2, XI2, and XBrI, where X = Mn, Co), 
total energy calculations were performed at varying 
unit cell volumes for nonmagnetic, ferromagnetic, and 
antiferromagnetic phases. For the antiferromagnetic 
phase, a supercell crystal structure was used. This 
supercell crystal structure includes two-sublattice anti-
ferromagnet planes perpendicular to the c-axis, where 
Mn or Co atoms in adjacent alternate layers have spin 
magnetic moments oriented parallel to the c with 

opposite direction. The same antiferromagnetic crystal 
structures are used for these compounds. Therefore, 
as an example, the antiferromagnetic crystal structure 
of CoI2 compound with spin orientation is shown in 
Fig. 1.

These calculations included SOC within the GGA 
framework. The compounds were modeled in a hex-
agonal layered van der Waals structure with space 
group P3m . The total energies of the compounds as a 
function of unit cell volume were fitted using Murna-
ghan’s equation of state. The energy–volume curves 
for nonmagnetic, ferromagnetic, and antiferromag-
netic phases are shown in Fig. 2. The results indicate 
that all compounds, except MnBr2, exhibit the lowest 
energy in the antiferromagnetic phase. In contrast, 
MnBr2 is most stable in the ferromagnetic phase.

The correlation effects associated with Co and Mn 
3d electrons near the Fermi energy significantly influ-
ence the physical properties of these compounds. The 
standard GGA approach within density functional 
theory is insufficient to capture these effects accu-
rately. Consequently, the DFT + U method is a more 
suitable framework for investigating the physical 
properties of XBr2, XI2, and XBrI compounds.

To better describe the 3d electrons in XBr2​, XI2​, and 
XBrI (X = Mn, Co) compounds, the effective Coulomb 
screening potential ( U

eff
= U − J  ) for the 3d orbitals 

of Mn and Co atoms was calculated using a 2 × 2 × 2 
supercell within the Madsen–Novak method [23]. 
The computed Ueff ​ values for these compounds are 
presented in Table 1. Since there are no theoretical or 
experimental reports on U and J for these compounds, 
the calculated Ueff values provide new insights. Using 
these values, the total energy of the compounds was 
calculated at different unit cell volumes for FM and 
AFM phases, incorporating spin–orbit coupling within 
the GGA + U approach. The results, shown in Fig. 2, 
reveal that the energy–volume curves within GGA + U 
exhibit higher total energies than the corresponding 
GGA results, suggesting that GGA is suitable for 
evaluating energy–volume curves and determining 
the stability of these compounds.

To solve this problem, we use another formalism 
of GGA that called GGA-PBEsol approach [29]. The 
GGA-PBEsol is a suitable approach for predicting sta-
bility, structural, and mechanical properties, but usu-
ally it is not a suitable for the band gap calculations. 
Therefore, the total energy of these compounds at dif-
ferent unit cell volumes in AFM phases using GGA-
PBEsol + U approach is also calculated. The results of 
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this calculation are also given in Fig. 1. These results 
show that the energy–volume carves of these com-
pounds using GGA-PBEsol + U approach exhibit lower 
total energies than the corresponding GGA + U results.

The lattice parameters and bulk moduli of the 
compounds in FM and AFM phases, calculated using 
GGA, GGA + U, and GGA-PBEsol + U (in AFM phase), 
are compared with available reported results [2, 9, 
14–16, 20, 30–32] in Table 2. The calculated values 
show acceptable agreement with previously reported 
data. The lattice parameters are influenced by the 
size of the constituent atoms and bonding strength 
in the solid. While the atomic size increases along a 
row of the periodic table, the bonding strength also 
increases, but to a greater extent. Consequently, the 
lattice parameters of Mn-based compounds are larger 
than those of Co-based compounds due to the effect 
of bonding strength.

The bulk modulus, a key indicator of material stiff-
ness, is primarily influenced by the degree of cova-
lency and ionicity in the bonding. Increased cova-
lency strengthens bonds and raises the bulk modulus, 
while higher ionicity reduces bonding charge density, 
thereby lowering the bulk modulus. The compounds 
XBr2​, XI2, and XBrI (X = Mn,  Co) exhibit varying 
degrees of covalent and ionic bonding. The calculated 
bulk moduli indicate an increasing trend along the 
series from MnBr2​, MnI2​, and MnBrI to CoBr2​, CoI2​
, and CoBrI, attributed to increased covalency and 
reduced ionicity.

To compare the ground-state total energy of these 
compounds in FM and AFM phases, the energy dif-
ference (ΔE = EAFM − EFM) was calculated. The results, 
presented in Table 1, indicate that ΔE > 0 corresponds 
to FM stability, while ΔE < 0 signifies AFM stability. 
The calculated values show that all compounds except 
MnBr2 are more stable in the AFM phase. For MnBrI, 
the small ΔE magnitude within GGA suggests that it 
exhibits weak antiferromagnetic behavior.

Before analyzing the electronic and magnetic 
properties of these compounds, their energy stability 
was investigated by calculating their formation and 
cohesive energies. The cohesive energy (EC) of XYZ 
(X = Mn, Co; Y, Z = Br, I) compounds is determined 
using equation [33–35]:

(1)E
C
=

E
total

Bulk
(XYZ) −N

X
E
total

X

−N
Y
E
total

Y

−N
Z
E
total

Z

N
X
+N

Y
+N

Z

Figure  1   Antiferromagnetic crystal structure of the layered 
CoI2 compound under periodic boundary conditions. The mag-
netic moments on the Co atoms are aligned along the c-axis and 
exhibit antiparallel orientation between adjacent layers.
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where Etotal

Bulk
(XYZ) is the total energy per formula 

unit of the compound, Etotal

X
 , Etotal

Y
 , and Etotal

Z
 ​ are the 

total energies of the individual X, Y, and Z atoms, 

respectively, and N
X

 , N
Y, and N

Z
 ​ are the numbers of 

X, Y and Z atoms in the cell.

Figure 2   The calculated total energy–volume curves of XBr2, XI2, and XBrI (X = Mn, Co) compounds in nonmagnetic, ferromagnetic, 
antiferromagnetic phases and GGA-PBEsol + U (in AFM phase), including SOC, are shown for both GGA and GGA + U approaches.
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Table 1   The calculated Ueff = U − J for Mn and Co 3d orbit-
als in XBr2​, XI2​, and XBrI (X = Mn,  Co) compounds, the total 
energy difference ((ΔE = E

AFM
− E

FM
 ) between FM and AFM 

phases within the GGA approach, and the cohesive and formation 
energies of these compounds in FM and AFM phases calculated 
using GGA and GGA + U approaches

MnBr2 MnI2 MnBrI CoBr2 CoI2 CoBrI

U
eff

(eV) This work 5.85 5.30 7.07 5.17 5.69 5.70
Other reports 4 [8]

ΔE = E
AFM

− E
FM

(mRy) GGA​ 0.55 − 109.82 − 0.52 − 14.70 − 4.09 − 5.95
Formation energies (mRy/atom) FM GGA​ − 19.39 − 1.99 − 13.93 − 65.06 − 10.78 − 2.29

GGA + U − 7.82 3.60 4.93 15.59 21.87 20.16
AFM GGA​ − 16.35 − 8.98 − 14.01 − 79.67 − 14.60 − 3.01

GGA + U − 0.98 2.71 − 3.54 − 60.44 14.22 13.28
Cohesive energies (mRy/atom) FM GGA​ − 63.64 − 39.59 − 30.61 − 68.07 − 59.37 − 62.52

GGA + U − 52.06 − 35.18 15.61 − 45.97 − 37.01 − 40.58
AFM GGA​ − 61.59 − 50.57 − 32.53 − 69.53 − 60.95 − 63.13

GGA + U − 44.15 − 38.86 2.08 − 55.52 − 44.66 − 46.93

Table 2   The calculated lattice parameters and bulk moduli of 
XBr2, XI2, and XBrI (X = Mn, Co) compounds in FM and AFM 
phases using GGA, GGA + U, and GGA-PBEsol + U (in AFM 

phase) approaches, compared with available reported results [2, 
8, 9, 14, 16, 19, 20, 30–32]

Compounds MnI2 MnBr2 CoBr2 CoI2 CoBrI MnBrI

a(Å) FM (GGA) 4.0060 4.0755 3.4646 3.70479 3.7943 4.0519
FM (GGA + U) 4.1093 4.1198 3.65375 3.79859 3.99907 4.1042
AFM (GGA) 4.1630 3.9282 3.5394 3.7259 3.911 4.0064
AFM (GGA + U) 4.218 4.2390 3.6794 3.8196 4.0242 4.3177
AFM (GGA-BEsol + U) 4.3561 4.0548 3.7213 3.9147 3.8623 4.2903
Other reported results 4.148 [2] 

4.146 [30], 
4.17 [31] 
4.159 [32],

3.873 [2] 
3.868[20] 
3.855 [32], 
3.87[31]

3.680 [15] 
3.738 
[16], 3.74 
[31]

3.985 [9] 3.974 [14], 3.89 [31] – –

C (Å) FM (GGA) 6.4929 6.6839 6.3714 6.45041 7.07275 6.5763
FM (GGA + U) 6.7556 6.8388 6.54021 6.78048 7.51825 6.6245
AFM (GGA) 6.7857 6.4029 6.6894 6.3714 7.3139 6.5705
AFM (GGA + U) 7.0018 7.1640 6.8437 6.9135 7.6057 6.9946
AFM (GGA-BEsol + U) 7.1659 6.5749 6.1888 6.5464 7.20321 6.9632
Other reported results 6.837 [2] 

6.829 [30], 
7.15 [31]

6.271 [2] 
6.272[20], 
6.48[31]

6.120 [15] 
6.41 [31]

6.664 [9] 6.636 [14], 6.63 [31] – –

c/a FM (GGA) 1.648 1.64 1.839 1.7438 1.864 1.623
FM (GGA + U) 1.65 1.66 1.79 1.785 1.88 1.614
AFM (GGA) 1.63 1.68 1.89 1.71 1.87 1.64
AFM (GGA + U) 1.66 1.69 1.86 1.81 1.89 1.62

Bulk 
modulus 
(GPa)

FM (GGA) 32.58 28.42 48.40 41.61 37.63 28.43
FM (GGA + U) 21.81 26.45 37.46 30.21 20.54 26.97
AFM (GGA) 22.84 28.57 26.03 24.38 17.56 45.30
AFM (GGA + U) 20.24 21.91 36.13 27.79 24.74 23.02

23.35 29.92 41.21 33.52 25.87 24.40
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The formation energy ( ΔH
f
 ) of XYZ compounds 

is calculated using the equation:

where Etotal(XYZ) is the ground-state energy per for-
mula unit of the compound, and Etotal(X) , Etotal(Y) and 
E
total(Z) are the ground-state energies per atom of the 

pure X, Y, and Z elements.
The cohesive and formation energies of XBr2​, XI2, 

and XBrI (X = Mn, Co) compounds were calculated 
in both ferromagnetic and antiferromagnetic phases 
using GGA and GGA + U approaches, and the results 
are summarized in Table 1. The calculations indicate 
that all compounds, except MnBr2​, are more stable in 
the antiferromagnetic phase, whereas MnBr2​ exhibits 
slightly greater stability in the ferromagnetic phase. 
The small energy difference between the two phases 
for MnBr2​ highlights its near-degenerate magnetic 
states. The more negative cohesive and formation 
energies signify greater stability of the materials [36]. 
The results also show that XBr2 is more stable than 
XBrI and XI2 for both Mn- and Co-based compounds.

The positive cohesive and formation energy values 
obtained within the GGA + U approach, along with 
the energy–volume curves previously discussed, 
suggest that this approach is not ideal for structural 
calculations or phase stability studies. However, 
GGA + U proves useful for accurately describing the 
distribution of d electrons, thereby improving calcu-
lations of electronic and magnetic properties.

Electronic properties

Electronic density of states

The total and partial electron density of states (DOS) 
of XBr2​, XI2​, and XBrI (X = Mn, Co) compounds were 
calculated in their most magnetically stable phases 
using the GGA and GGA + U approaches. The total 
DOS for these compounds is shown in Fig. 3. Compar-
ing the DOS reveals that the effective Coulomb screen-
ing potential (Ueff) has a considerable impact on the 3d 
electron distribution of Co and Mn atoms. The energy 
band gap in FM and AFM phases increases when Ueff ​ 
is included within the GGA + U framework. For MnI2 
in the AFM phase, the calculated DOS within GGA + U 
aligns well with previously reported results [8].

(2)
ΔH

f
(XYZ) = E

total(XYZ) −N
X
E
total(X)

−N
Y
E
total(Y) −N

Z
E
total(Z)

The energy band gaps for spin-up and spin-down 
electrons in the FM and AFM phases of these com-
pounds, calculated using GGA and GGA + U with 
SOC, are provided in Table  3 and compared with 
reported results [31, 37]. The energy band gap near 
the Fermi energy in the AFM phase, except for CoI2 
and CoBr2, originates from the Mn and Co atoms, indi-
cating the presence of an AFM gap. In MnBr2, MnI2, 
and CoBrI, the DOS at the Fermi energy in the FM 
phase calculated within GGA suggests metallic behav-
ior. However, in the AFM phase, except for CoI2​, the 
inclusion of Ueff within GGA + U leads to the opening 
of an energy band gap, resulting in semiconducting 
behavior.

In order to understand the effect of Ueff on the 
energy band gap of these compounds, the energy band 
gap of these compounds in the two ferromagnetic and 
antiferromagnetic phases is calculated using different 
values ​​of Ueff. The results of this calculation are given 
in Fig. 4. These results show that the energy band gap 
of these compounds in the two ferromagnetic and 
antiferromagnetic phases, except for MnBr2, MnCo2 
and CoI2 compounds in antiferromagnetic phase, 
increases with increase in value of Ueff. The weight 
of this increase is different for different compounds 
and different Ueff. The energy band gap of CoI2 com-
pound in the antiferromagnetic phase is zero and does 
not change with increase in Ueff. Therefore, this com-
pound is metal for all Ueff values. The energy band 
gap of MnBr2 and MnCo2 compounds in the antifer-
romagnetic phase decreased and has minimum val-
ues for Ueff = 4.8 and Ueff = 3.4 eV, respectively. After 
further increment in Ueff, the energy band gap starts 
increasing.

For the ferrimagnetic phase of MnBr2 within 
GGA + U, as well as CoBr2 and CoI2​ within GGA, the 
compounds exhibit half-metallic behavior due to the 
presence of a band gap in the spin-up or spin-down 
DOS. The calculated energy band gap in the AFM 
phase for these compounds agrees more closely with 
reported results [31].

To further examine the effect of Ueff on the elec-
tronic properties, the partial DOS of Co and Mn 
atoms in their most stable magnetic phases (AFM for 
all compounds except MnBr2, which is a FM) using 
GGA + U with deferent values of Ueff approach, is 
shown in Fig. 5. The results indicate that Ueff sig-
nificantly influences the electronic properties of Co 
and Mn atoms. By adding Ueff within the GGA + U 
approach, the band gap between the occupied and 
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Figure 3   Total electronic 
density of states (DOS) 
for XBr2, XI2, and XBrI 
(X = Mn, Co) compounds, 
calculated in their most stable 
magnetic phases (antiferro-
magnetic for all compounds 
except MnBr2, which is fer-
romagnetic) using both GGA 
and GGA + U approaches. 
The vertical line at zero 
energy indicates the Fermi 
level.

Table 3   The calculated energy band gaps (in eV) of XBr2, XI2, and XBrI (X = Mn, Co) compounds in FM and AFM phases using GGA 
and GGA + U approaches, along with available reported results

Notably, energy gaps of 2.35 eV [37] and 0.2 eV [16] have been reported for the CoBr2 monolayer

Compounds MnI2 MnBr2 MnBrI CoI2 CoBr2 CoBrI

up dn up dn up dn up dn up dn up dn

Ferromagnetic (GGA) 0 0 0 0 2.74 2.74 0 0.704 3.99 0 0 0
Ferromagnetic (GGA + U) 1.97 2.80 0 3.81 3.01 3.01 2.63 1.06 4.67 2.26 3.61 2.17
Antiferromagnetic (GGA) 1.07 1.07 1.52 1.52 0.144 0.144 0 0 0 0 0.17 0.17
Antiferromagnetic (GGA + U) 1.09 1.09 1.79 1.79 0.701 0.701 0 0 1.87 1.87 2.464 2.464
Other work 1.17 [31] 1.60 [31] – 0 [31] 0.11 [310] –
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empty 3d orbitals of Mn and Co atoms, particu-
larly in the majority spin channel, increases due to 
enhanced localization of the 3d orbitals. The peaks 
located above the Fermi energy are shifted toward

the higher energy region with increase in value of 
Ueff. Furthermore, the peaks of the electron density of 

states between − 4 and − 6 eV, which are due to the d 
orbital of Co or Mn atom, are shifted by changing the 
value of Ueff. The primary magnetic properties of these 
compounds are predominantly determined by the Mn 
and Co atoms.

Figure 4   Variation of the energy band gap for XBr₂, XI₂, and XBrI (X = Mn, Co) compounds in the AFM and FM phases, calculated 
using the GGA + U approach with different values of the effective Coulomb interaction Ueff.
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Figure 5   Partial density of states for Co and Mn atoms in XBr2, 
XI2, and XBrI (X = Mn, Co) compounds, calculated in their most 
stable magnetic phases (antiferromagnetic for all compounds 

except MnBr2, which is ferromagnetic) using the GGA + U 
approach with different values of the effective Coulomb interac-
tion Ueff. The vertical line at zero energy denotes the Fermi level.
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Topological Dirac point in band structure

Two- and three-dimensional topological materials 
exhibit unique edge and surface states, respectively, 
which enable the development of novel quantum 
states and practical applications [38, 39]. Topological 
Weyl and Dirac points are significant features of such 
materials, characterized by their distinct properties 
arising from the interaction of valence and conduc-
tion bands near the Fermi energy. At these points, the 
bands cross each other with linear energy dispersion, 
leading to massless fermions with opposite chirality 
(left- or right-handed), analogous to the Berry curva-
ture field. The presence of Weyl or Dirac points can 
be identified through calculated band structures [38, 
40–42].

The band structures of XBr2, XI2, and XBrI 
(X = Mn, Co) compounds in FM and AFM phases were 
calculated within GGA and GGA + U, including SOC. 
The Dirac points were investigated by analyzing the 
band structures near the Fermi energy. The calcu-
lated band structures of MnBr2, MnI2, and MnBrI in 
the AFM phase using GGA + U with SOC are shown 
in Fig. 6. The results indicate the presence of topo-
logical Dirac-like points between the R and Γ points, 
with band openings of 6.3 meV, 7.8 meV, and 6.9 meV, 
respectively. In contrast, no topological Dirac points 
were found in the band structures of CoBr2, CoI2, or 
CoBrI in either FM or AFM phases within GGA or 
GGA + U.

The Dirac-like points in MnBr2, MnI2, and MnBrI 
result in massless fermions between the R and Γ 
points, which contribute to phenomena such as the 
quantum Hall effect, magnetoelectric coupling, and 
ultra-high carrier mobility. Additionally, band inver-
sion near the Γ point in a monolayer of CoBr2 within 
GGA + U with small Hubbard parameters (less than 
1 eV) has been reported [15]. For larger U, the band 
inversion disappears, indicating that the topological 
properties of CoBr2 are sensitive to the magnitude of 
U.

Magnetic properties

The magnetic properties of XBr2, XI2, and XBrI 
(X = Mn, Co) compounds were investigated by calcu-
lating their total and local magnetic moments in fer-
romagnetic and antiferromagnetic phases using GGA 
and GGA + U approaches. The results, presented 

in Table 4, are compared with previously reported 
values.

The calculated local magnetic moment at Co or Mn 
sites, except for CoBr2 in the magnetic phase, increases 
when the effective Coulomb screening potential is 
included within the GGA + U framework. For Mn-
based compounds (MnBr2, MnI2, and MnBrI), the Mn 
local magnetic moment is generally larger than the 
corresponding Co local magnetic moment, except for 

Figure  6   The calculated band structures of MnBr2, MnI2, and 
MnBrI compounds in antiferromagnetic phase within GGA + U 
approach near the fermi energy. To make the Dirac-like point 
more clearly visible, the band structures are shown near the 
Fermi energy for excited states (below the Fermi energy).
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MnBr2 in the FM phase within GGA, where the mag-
netic moment is zero.

The magnetic moment of these compounds mainly 
arises from Co or Mn atoms, while Br and I have little 
contribute to the magnetic moment. Therefore, to find 
the effect of effective Coulomb screening potential on 
the magnetic moment of these compounds in the two 
ferromagnetism and antiferromagnetic phases, the Mn 
or Co local magnetic moment of these compounds is 
calculated and the results are shown in Fig. 7. These 
carves show that the effect of Ueff on magnetic moments 
of these compounds is small. The magnetic moment of 
these compounds, except for CoBr2 compound in fer-
romagnetic phase, small increases with increase in Ueff. 
The magnetic moment of CoBr2 compound in the fer-
romagnetic phase first small increases and then small 
decreases with increase in Ueff. Comparing the graphs 
of Fig. 7 with 5 shows that the effect of Ueff on the energy 
gap of these compounds is greater than the magnetic 
moment.

The magnetic moments of XBr2 and XI2 in their most 
stable magnetic phases calculated within GGA + U are 
in acceptable agreement with reported results. The 
inclusion of the effective Coulomb screening potential 
enhances the calculated magnetic moments of XBr2, XI2, 
and XBrI compounds, improving the description of their 
magnetic properties.

Conclusion

The investigation of XBr2, XI2, and XBrI (X = Mn, Co) 
compounds using density functional theory with GGA 
and GGA + U approaches provided a comprehensive 
understanding of their structural, electronic, and 
magnetic properties. The analysis of energy stability, 
supported by cohesive and formation energy calcula-
tions, demonstrated that all compounds except MnBr2 
are energetically more stable in the antiferromagnetic 
phase. For MnBr2, the ferromagnetic phase exhibited 
marginally greater stability. The results highlighted 
that the inclusion of the effective Coulomb screening 
potential within the GGA + U framework is crucial for 
improving the description of electronic and magnetic 
properties, although it is less suitable for structural 
stability studies.

The electronic properties revealed significant effects 
of Ueff on the density of states and energy band gaps. 
Most compounds, except CoI2 in the antiferromag-
netic phase, transitioned to semiconducting behavior 
upon incorporating Ueff within the GGA + U approach. 
Additionally, the ferrimagnetic phase of MnBr2 in 
GGA + U, along with CoBr2 and CoI2 in GGA, exhib-
ited half-metallic behavior due to the presence of a 
spin-polarized energy band gap. In the antiferro-
magnetic phase, MnBr2, MnI2, and MnBrI displayed 

Table 4   The calculated total and local magnetic moments of XBr2, XI2, and XBrI (X = Mn, Co) compounds in FM and AFM phases 
using GGA and GGA + U approaches, along with available reported results

The total magnetic moments in the AFM phase are not included due to their zero values. Notably, a Co local magnetic moment of 
2.67 μB has been reported for the CoBr2 monolayer [37]

Compounds MnI2 Mn2Br CoBr2 CoI2 CoBrI MnBrI

Magnetic moment at Mn 
or Co atomic position 
( μ

B
∕Co)

Ferromagnetic (GGA) 0.99 0 3.15 0.95 0.05 4.11
Ferromagnetic (GGA + U) 4.33 4.48 2.58 2.41 2.60 4.30
Antiferromagnetic (GGA) 4.08 4.37 1.75 0.92 2.35 4.14
Antiferromagnetic 

(GGA + U)
4.41 4.59 2.58 1.30 2.67 4.43

Other work – – – 1.67 [9], 2.16 [9] – –
Total magnetic moment 
�
B
)

Ferromagnetic (GGA) 4.97 0 4.05 1.01 0.05 4.99
Ferromagnetic (GGA + U) 4.99 4.99 2.98 2.98 2.99 4.99
Other work 4.51 [22], 

5.00 
[31]

4.52 [22], 5[31] 2.49 [22], 
3 [15], 3 
[31]

1.67 [10], 1.01 [31] – –
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topological Dirac-like points between the R and Γ 
points, signifying massless fermions and associated 
quantum phenomena such as quantum Hall effects 
and ultra-high carrier mobility. The absence of Dirac 
points in CoBr2, CoI2, and CoBrI highlights the dis-
tinct role of Mn atoms in realizing such topological 
features.

The magnetic properties, characterized by total 
and local magnetic moments, revealed a consistent 
enhancement of magnetic moments with the inclusion 
of Ueff, particularly at Mn and Co sites. The results 
demonstrated acceptable agreement with available 
reported values, further validating the computational 
approach. The magnetic moment of these compounds 
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Figure 7   Local magnetic moment of the Co or Mn atom in XBr2, XI2, and XBrI (X = Mn, Co) compounds, calculated for AFM and FM 
phases using the GGA + U approach with different values of the effective Coulomb interaction Ueff.
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in their most stable phases small increases with 
increase in Ueff.

The observed semiconducting, half-metallic, and 
topological behaviors, along with enhanced magnetic 
moments, highlight the potential of Mn- and Co-based 
van der Waals compounds for applications in quan-
tum and spintronic devices.
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