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A B S T R A C T   

Using Density Functional Theory and Periodic Boundary Conditions it is shown that the hydroxylated/oxygen-
ated/halogenated Mn2C monolayer is a 2D ferromagnetic material with a local Mn ions magnetic moment of 
2.7μв per unit cell. Upon oxygenation the ferromagnetic coupling between Mn ions can be transformed into a 
superposition of magnetic states. In particular, the intrinsic magnetic moments in the hydroxylated/halogenated 
Mn2C monolayer can attain up to 6μB per unit cell. It is found that oxygen termination induces flat bands in the 
band structure, which evidence for the strong electron correlations and could lead to the implementation of 
exotic quantum phases in 2D crystals and high-temperature superconductivity. Along with the potential of the 
hydroxylated Mn2C monolayer characterized by the half-metallicity for application in spintronic devices as a 
perfect spin injector/detector, this material like other conventional MXenes is promising for the use in energy 
storage, electromagnetic interference shielding, and sensing.   

1. Introduction 

During the last 20 years, effective carrier injection, detection and 
control of spin current was achieved in many spintronics devices based 
on magnetic tunnel junctions (MTJs) fabricated using both metallic and 
semiconductor fragments [1–12]. Now attention is paid to the study of 
quantum, low-dimensional, and topological materials [13–16] success-
fully used in electronic [17] and optical [18] spintronic devices. A 
number of low-dimensional materials like graphene [19], nitrides [20], 
and chalcogenides (-Hal) [21] exhibit unique properties prospective for 
applications in spintronics. Just recently a family of low-dimensional 
materials is replenished by MXenes [22], i.e., 2D transition metal car-
bides and nitrides [23]. These compounds can be synthesized by using 
chemical etching to cleave a hexagonal Mn-1AXn (MAX) layered phases 
[24], where M is the transition metal, A is the group-A element (e.g., Si, 
Al, or Ga), and X is carbon or nitrogen (n can vary from 1 to 4). The 
energetic and dynamic stability of different kind of MXenes is confirmed 
by theoretical [25] and experimental results. It was found that semi-
conducting M2CO2-based MXenes with M = Ti, Zr, Hf [25] is very 
promising for thermoelectric applications, whereas M2CO2 MXenes with 

M = Cr, Mn display distinctive metallic conductivity [25]. 
Although many 2D compounds are successfully synthesized, the 

number of ferro- (FM), ferri- and antiferromagnetic (AFM) species is still 
severely limited [26,27]. Potentially, such 2D lattices can demonstrate 
low-dimensional magnetism. In combination with other quantum and 
topological materials they can be used to design prospective hetero-
structures for novel spin- and quantum-related applications. To date, 
few FM and AFM compounds of MAX phase family are predicted [28,29] 
and synthesized, namely the bulk rare-earth i-MAX phases (Mo2/3R-
e1/3)2AlC [30], Mn2GaC [31,32], and (Mn, Cr)2GaC [33,34] thin films 
with AFM ordering. The synthesis of FM or AFM MXenes is still an urgent 
task. Most predicted magnetic MXenes contain 3d elements (e.g., Cr, Mn, 
Fe, Co, or Ni Transitional Metal (TM) elements) [35–37]. However, even 
TM-based MAX phases are difficult to synthesize. A distinctive feature of 
MXenes is the possibility of modifying their properties by functionali-
zation of the surfaces by = O, –OH, –Cl, or –F functional groups formed 
after removal of an element А [38,39], which allows one to obtain the 
desired transport, sensor, magnetic, and other properties [40]. In this 
regard, the Mn-containing magnetic MAX phases and MXenes seem to be 
the most realistic and promising low-dimensional compounds to be 

* Corresponding author. Kirensky Institute of Physics, Federal Research Center KSC SB RAS, Krasnoyarsk, 660036, Russia. 
** Corresponding author. 

E-mail addresses: felixnt@gmail.com (F.N. Tomilin), paul.veniaminovich@knu.ac.kr (P.V. Avramov).  

Contents lists available at ScienceDirect 

Computational Condensed Matter 

journal homepage: www.elsevier.com/locate/cocom 

https://doi.org/10.1016/j.cocom.2023.e00806 
Received 22 December 2022; Received in revised form 27 February 2023; Accepted 8 April 2023   

mailto:felixnt@gmail.com
mailto:paul.veniaminovich@knu.ac.kr
www.sciencedirect.com/science/journal/23522143
https://www.elsevier.com/locate/cocom
https://doi.org/10.1016/j.cocom.2023.e00806
https://doi.org/10.1016/j.cocom.2023.e00806
https://doi.org/10.1016/j.cocom.2023.e00806
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cocom.2023.e00806&domain=pdf


Computational Condensed Matter 35 (2023) e00806

2

synthesized and studied using both experimental and theoretical 
techniques. 

In recent years a number of new methods for MAX phase delami-
nation were proposed [38]. The resent and probably the most promising 
are (i) Lewis acid molten salt etching, which can be used to replace el-
ements that are poorly etched in the parent MAX phase [41], and (ii) 
Ionic liquid-based synthesis based on organic components contained 
fluorine [42]. In a recent paper by the Rosen group [43] theoretically 
predicted chemical exfoliation method is proposed to obtain 
low-dimensional MXenes. A novel insight and development of the pro-
duction technologies of low-dimensional MXenes with advanced mag-
netic and spin properties is of fundamental importance for future 
spin-related applications. 

In this work, several ways to modify atomic and electronic structure 
of 2D Mn2C monolayers were studied using Density Functional Theory 
(DFT) within Periodic Boundary Conditions (PBC). It was found that 
termination of Mn2C monolayer by –О functional groups induces flat 
bands in the vicinity of the Fermi level, which could be a main sign of 
strong electron correlations and could cause an implementation of 
exotic quantum phases and high-temperature superconductivity [44] 
whereas termination by -Hal groups ensures the highest magnetic mo-
ments (up to 6 μв) per unit cell. The - OH-group passivation stabilizes 2D 
MXene surface and ensures a total magnetic moment of 4.27 μB per unit 
cell and the spin FM ordering. Proposed 2D magnetic phases perspective 
for FM spintronic devices [45] could be synthesized using either 
Mn2GaC or Mn2AlC compounds as precursors by etching of gallium or 
aluminum ions from the lattices by hydrofluoric (HF) acid with subse-
quent termination in H2O. 

2. Computational details 

To simulate different Mn-based MXene phases, carbon was chosen as 
an element X and aluminum was taken as an element A, since it is rather 
easy to etch them from parent MAX phases [46]. Manganese was chosen 
as an element M because of (i) a lack of publications devoted to 
Mn-containing phases; (ii) its unique magnetic properties in +2 oxida-
tion state; and (iii) the possibility to obtain a Mn-containing phases by 
substitution of Mn by Cr, since Cr-containing phases were synthesized 
experimentally [47–49]. In this regard, it is necessary to note that Cr and 
Mn ions have similar radii equal to 0.615 and 0.602 Å, respectively [50]. 
For the sake of comparison, parent 2D Mn2AlC MAX phase was initially 
studied using electronic structure calculations. All lattices display per-
fect symmetry perpendicular c direction, so they do satisfy mandatory 
requirements of Topology Conservation Theorem [51–54] and PBC can 
be used to study atomic and electronic structure of all considered phases. 

The Density Functional Theory within Periodic Boundary Conditions 
was employed for electronic structure calculations of crystalline struc-
ture and electronic properties of MAX and MXene phases using CRYS-
TAL 17 code [55]. The DFT B3LYP potential [56] combined with 
pob-DZVP-rev2 basis set [57] was used to calculate atomic and elec-
tronic structure of Mn2AlC MAX phase. The DFT 
Perdew-Burke-Ernzerhof (PBE) functional [58] combined with 
pob-DZVP-rev2 basis set was used to calculate Mn-, C-, and O- based 
MXene phases. Since the convergence for H in this basis turned out to be 
poor, the 3–1p1G_gatti_1994 basis set [59] was chosen. The cutoff limits 
in estimating the Coulomb and exchange integrals that arise in the 
self-consistent field (SCF) equations for periodic systems were set at 
10− 7 а.u. for the Coulomb overlap, 10− 7 а.u. Coulomb penetration, 10− 7 

а.u. exchange overlap, 10− 7 а.u. exchange pseudo-overlap in direct 
space, and 10− 14 а.u. exchange pseudo-overlap in the reciprocal space. 
The condition for SCF convergence was set to be 10− 6 а.u. from the total 
energy difference between two successive iterative cycles [55]. The 
shrinking factors for the Pack‒Monkhorst [60] and Gilat grids [61] had 
the same values (8). The atomic coordinate gradients were estimated 
analytically. The equilibrium structure was determined using the 
quasi-Newton approach with the Broyden‒Fletcher‒Goldfarb‒Shanno 

algorithm according to the Hessian matrix update scheme [62]. The 
total spin magnetic moment per unit cell was preset maximum possible 
and, after optimization, took its equilibrium value for each lattice. To 
avoid artificial interactions between mirror partners of 2D lattices, a 
vacuum gap of 500 Å in c direction was introduced for all PBC 
calculations. 

3. Results and discussion 

The crystalline structure of Mn2AlC MAX phase is presented in 
Fig. 1а. According to the literature data, the Mn2AlC MAX phase has P63/ 
mmc symmetry with three nonequivalent atoms, namely Mn, Al, and C 
and a and c translation vectors and α = β = 90◦ and γ = 120◦ angles [63]. 
Since there is no inversion center in the unit cell, one can expect 
spin-polarized states in the MAX phases. The DFT PBE/pob-DZVP-rev2 
optimization returned а = 2.87 Å and с = 12.44 Å. The Mulliken 
spatial charges of Mn, Al and C ions equal to ZMn = 0.18 e‒, ZAl = − 0.41 
e‒, and ZС = − 0.96 e‒, respectively were determined with Mn–C and 
Mn–Al distances equal to 1.97 Å and 2.63 Å, respectively. Based on 
PBE-optimized structure, the B3LYP functional optimization using the 
same symmetry was carried out. The DFT B3LYP/pob-DZVP-rev2 
returned optimized a and c parameters equal to 2.96 and 12.89 Å, 
respectively, with partial atomic charges ZMn = 0.29 e‒, ZAl = − 0.44 e‒, 
and ZС = − 0.13 e‒ and Mn–C, Mn–Al, and Mn–Mn distances equal to 
2.03 Å, 2.72 Å, 2.96 Å in the same layer, and 2.80 Å in different layers, 
respectively. The lattice parameters for PBE and B3LYP potentials are 
close to each other with less than 4% difference. The difference between 
magnetic moments per cell (PBE = 7.38 μB; B3LYP = 11.42 μB, Table S1 
of Supplementary Information Section (SI) calculated at PBE and B3LYP 
levels of theory attained 35%, while the difference between the esti-
mated magnetic moments localized at Manganese ions (PBE = 0.18 e‒; 
B3LYP = 0.29 e‒, Tables S1 and SI) and Mulliken atomic charges ap-
proaches to 38%. This means that the electron correlations affect the 
electronic and spin properties of the lattices and the hybrid functionals 
are therefore preferred to study structure and properties of MAX and 
MXene phases. 

The partial electronic densities of states (p-DOS, Fig. 1b) in the vi-
cinity of the Fermi level unequivocally demonstrate spin-polarized 
metallic state of Mn2AlC MAX phase, mostly determined by partial Mn 
and Al partial contributions, which could be promising for spintronics. 
The band structure (Fig. 1c) coincides well with the results published 
earlier [64]. The band structure showed that 2D Mn2AlC MAX phase 
crystal exhibits the metal-type behavior in the basal plane with 
numerous bands crossing the Fermi level. Different densities of spin-up 
(α) and spin-down (β) electrons at the top of the valence band and in the 
conducting region of the Mn2AlC structure directly indicate the spin 
polarization of the carriers. 

To calculate the magnetic properties, spin-polarized calculations for 
a cell consisting of 8 atoms (4 Mn, 2 Al, and 2 C) were performed for P1 
symmetry with the directions of the magnetic moments at Mn ions 
alternate along c direction. For convenience, the energy of the magnetic 
states of all calculations was estimated relative to the ferromagnetic 
state, since any state can be energetically advantageous for different 
variants of crystal structures. The maximum magnetic moment was set 
initially to Mn and acquired an equilibrium value during the optimiza-
tion. The possible magnetic states of Mn2AlC MAX phase are presented in 
Fig. 1 of Supplementary Information Section. 

According to the data given in Table 1, AFM-5 state is energetically 
favorable for 2D Mn2AlC lattice with relative energy in respect to FM 
state equal to − 12.5 kJ/mol. A slight energy differences between 
different magnetic states may lead to their mixture. The lattice param-
eters vary insignificantly (less than 1%) upon variation in the magnetic 
states (Tables S2 and SI). 

The MXene Mn2C lattices [65] were calculated by 
B3LYP/pob-DZVP-rev2 approach using P1 space symmetry group 
(Fig. 2, Table 2). For 2D Mn2C, the PBE optimization procedure returned 
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a = b = 2.56 Å and α = β = 90◦, γ = 120◦ unit cell parameters with с =
500 Å vacuum interval between periodic images. 

Pristine hexagonal Mn2C monolayer presented in the center of Fig. 2 
is formed by three atomic Mn–C–Mn layers located one above another 
(see Fig. 2) with Mn–C interatomic distances equal to 1.94 Å. All other 
lattices were formed by passivation of parent Mn2C monolayer by F, Cl, - 
OH and = O groups from both sides which satisfies mandatory re-
quirements of Topology Conservation Theorem [42]. The Mn–C inter-
fragment spacings are equal to 1.68 Å, 1.67 Å 1.63 Å, and 1.62 Å for 
Mn2CO2, Mn2C(OH)2, Mn2CF2, and Mn2CCl2, respectively. The occur-
rence of an oxygen layer in the Mn2CO2 structure leads to a strong 13% 
increase of a, b unit cell parameters and slight (0.3%) change of the γ 
angle. When the hydroxyl group is attached, the parameters a and b 
increase by 11% and the angle γ changes slightly within one degree. 

The MXenes structural data, band structures and electronic densities 
of states are presented in Fig. 3 and Table 2 for both α and β spins. All 
MXenes reveal strongly polarized metallic states since the Fermi level in 

all the band structures crosses the allowed bands (Fig. 3, left) with large 
electron density (Fig. 3, right). The 2D Mn2CO2 band structure is 
distinguished from the rest 2D lattices due to the presence of flat exotic 
bands. Unlike typical quadratic dispersion band and opposite to linear 
dispersion band, formed by massless Dirac fermions, flat bands carry 
infinitely heavy fermions, which is very indicative of the strong electron 
correlations in and manifests itself in other oxide materials, for example, 
cuprates [66] and cobaltite’s [67]. In strongly correlated 2D lattices one 
can expect the high-temperature superconductivity or other 
quantum-related electronic transport phenomena, e.g., the fractional 
quantum Hall effect [68]. 

The inversion form of the electron densities of states of the Mn2C, 
Mn2CF2, and Mn2CCl2 structures points out the spin polarization of the 
carriers, which suggests their applicability in spintronics. As can be seen 
from the data given in Table 2, oxygen atoms which passivate the Mn2C 
lattice change the sign of the charge on the Mn atom from − 0.03 e‒ to 
0.40 e‒ due to strong oxygen electronegativity which draws off the 
electron density from the manganese ions. The same can be seen in other 
2D lattices saturated by fluorine and chlorine ions. 

Recently several Mn-based MXenes were synthesized (see, for 
example [69]) which might display promising magnetic properties. 
Using PBE and PBE + U PBC Plane Wave electronic structure calcula-
tions it was shown that Mn2C and Mn2CO2 display antiferromagnetic 
semiconducting [70–72] properties. Carbon-based MXenes such as M2C 
and M2CO2 (M = Cr, Fe) [73,74] display a ferromagnetic ground state 
with Cr2CF2 being an antiferromagnetic material [35,73]. MnC2 may 
display metallic antiferromagnetic state in contrast to Mn2CO2 which 
could be ferromagnetic [65,75]. The PBE and PBE + U PBC calculations 
demonstrate a possibility that functionalization of parent Mn2C by Cl, F 
ions and –OH with formation of Mn2CCl2, Mn2CF2, and Mn2C(OH)2 [36, 
72] may lead to ferromagnetic ground states. Recently it was found that 
nitrogen-based MXenes (Mn2NF2/Mn2N(OH)2/Mn2NO2) demonstrate 

Fig. 1. Crystalline structure, partial density of states 
and band structure of Mn2AlC MAX phase calculated 
at B3LYP/pob-DZVP-rev2 level of theory. (а) Crys-
talline lattice of the MAX phase with а = b = 2.96 Å, 
and с = 12.89 Å parameters. (b) Partial electron 
density of states (p-DOS) of Mn2AlC. The red vertical 
line shows the position of the Fermi level. The blue 
lines correspond to Mn p-DOSes, purple lines repre-
sent Al p-DOSes, and red lines represent C p-DOSes. 
(c) Band structure of Mn2AlC MAX phase. The red line 
marks the Fermi level position. The solid line shows α 
electrons bands and the dotted line represents the β 
ones. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web 
version of this article.)   

Table 1 
Mn2AlC magnetic moments localized at Mn ions.   

FMa AFM- 
1 

AFM- 
2 

AFM- 
3 

AFM- 
4 

AFM- 
5 

Relative energy (kJ/ 
mol) 

0a 6.91 6.72 34.37 44.78 ‒12.5 

Magnetic moments, μВ 

Per unit cell 11.43 5.33 5.36 0.38 0.47 0.00 
Mn ion (1)b 3.37 3.26 3.07 3.26 3.32 3.37 
Mn ion (2) 3.37 3.05 3.26 3.41 ‒3.07 ‒3.37 
Mn ion (3) 3.37 3.28 ‒3.18 ‒3.25 ‒3.06 3.37 
Mn ion (4) 3.37 ‒3.19 3.29 ‒2.98 3.31 ‒3.37  

a The relative FM energy is taken for zero. 
b Numbering is according to Fig. S1. 
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ferromagnetic ground states [23]. Controversial results obtained using 
PBE functional stimulate state-of-the-art theoretical consideration of 
electronic properties and spin states of MXenes using sophisticated 
hybrid DFT functionals like B3LYP and PBE0 using crystal orbitals basis 
functions since such approach is suitable for electronic structure calcu-
lations of covalent compounds [76]. 

In order to study the spin states of Mn2C-based MXenes, namely 
Mn2CO2, Mn2C(OH)2, Mn2CF2, and Mn2CCl2, the spin-polarized calcu-
lations were performed using P1 unit cells. For each single МХene phase, 
three possible spin states were determined (Figs. S2 and SI Section). The 
maximum spin moment was set initially at Mn ions and acquired an 
equilibrium value during the optimization (Table 2). It was shown that 
for all MXene lattices, the ferromagnetic spin order is energetically 
favorable. Using manganese spin states one can easily determine 
oxidative states of Mn ions equal to +2 for Mn2C, Mn2CF2, and Mn2CCl2 
and +3 for Mn2C(OH)2 and Mn2CО2. It is necessary to note that the 
lattice parameters are not affected by the spin states of the species 
(Table 2). 

At B3LYP/pob-DZVP-rev2 level of theory the highest spin moment 
localized at Mn ions was determined to be equal to 5.63 μB for Mn2CF2, 

which makes it very promising for advanced spin-related applications. A 
dramatic decrease of the spin moments localized at Mn ions for 2D 
Mn2CO2 up to 0.30 μB per cell with 0.16 μB for manganese ions with very 
small energy difference with the ferromagnetic state of 0.17 kJ/mol, 
Table 2 in respect to parent 2D Mn2C is caused by double Mn––O 
chemical bonds localized at the surface. The Mn2CO2 could be consid-
ered as a very weak ferromagnetic material. The high electronegativity 
of oxygen ions induces a shift in the electron density with Mn ions 
charges equal to 0.40 e‒ for Mn2CO2 in contrast to the manganese atomic 
charge in Mn2C of − 0.03 e‒, with the oxygen ions charge of − 0.34 e‒, 
Table 2. In comparison with O2− ions, the hydroxyl -OH- groups is much 
less electronegative with the charge on the Mn ion equals to 0.40 e‒ for 
Mn2CO2 and 0.38 e‒ for Mn2C(OH)2, Table 2, making Mn2C(OH)2, a half- 
metal with non-zero p-DOS in α channel (Fig. 3). 

4. Conclusions 

Using DFT PBC calculations a set of low-dimensional Mn-based 
MXene phases with Halogen (F, Cl), -OH, and = O terminating surface 
functional groups were studied in respect to the parent 2D Mn2AlC MAX 

Fig. 2. Schematic of design of the Mn2C, Mn2CO2, Mn2C(OH)2, Mn2CF2, and Mn2CCl2 structures using the PBE calculations.  

Table 2 
Relative energies and magnetic moments of MXene phases.   

Mn2C Mn2CO2 Mn2C(OH)2 Mn2CF2 Mn2CCl2 

FM AFM1 AFM2 FM AFM1 AFM2 FMb FM AFM1 AFM2 FM AFM1 AFM2 

Relative energy, kJ/mol (the FM energy is taken as zero)  
0.00 49.10 49.21 0.00 0.17 0.17 0.00 0.00 18.38 14.71 0.00 49.79 49.79 

Magnetic moments, μB 

Per cell 5.00 0.54 − 0.54 0.30 0.00a 0.00a 4.27 5.63 − 0.04 − 1.06 4.92 0.21 − 0.21 
Mn (1) 2.70 − 1.18 1.18 0.16 0.00a 0.00a 2.22 2.86 − 2.40 1.75 2.62 − 2.48 2.49 
Mn (2) 2.69 1.75 − 1.75 0.16 0.00a 0.00a 2.23 2.86 2.36 − 2.81 2.61 2.69 − 2.69 
Mulliken partial charge, e‒ 

Mn − 0.03 − 0.01 − 0.01 0.40 0.40 0.40 0.38 0.39 0.37 0.35 0.36 0.37 0.37 
C 0.06 0.02 0.02 − 0.14 − 0.14 − 0.14 − 0.13 − 0.19 − 0.17 − 0.16 − 0.10 − 0.12 − 0.12 
O – – – − 0.33 − 0.34 − 0.34 − 0.63 – – – – – – 
F/Cl – – – – – – – − 0.30 − 0.29 − 0.28 − 0.31 − 0.31 − 0.31 
Lattice parameters (с = 500 Å, α = β = 90◦) 
a, Å 2.76 2.67 2.68 3.09 3.09 3.09 3.04 3.00 3.04 3.01 3.10 3.13 3.13 
b, Å 2.74 2.68 2.69 3.09 3.09 3.09 3.03 3.01 3.02 2.99 3.10 3.13 3.13 
γ, ◦ 119.5 120.8 120.6 119.9 120.0 120.0 121.8 120.1 120.0 119.9 120.0 120.0 120.0  

a Value less than 0.001. 
b When the spin state is optimized, the system transitions to a ferromagnetic state. 
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phase. It was shown that MXene surface termination determines spin 
and electronic properties of the phases. Mn2C surface passivation by F 
and Cl ions yields the maximum magnetic moments per unit cell up to 
5.63 μB, while hydroxylation leads to its half-metallicity, whereas 
oxygenation results in the occurrence of flat bands, which might lead to 
strongly correlated electronic quantum phases with possible manifes-
tation of quantum-related electron transport phenomena. Wide 

variation of challenging electronic and spin properties of Mn-based 
MXene phases makes them promising materials for advanced spin- and 
quantum-related applications. Following DFT simulations, novel low- 
dimensional MXene phases with advanced electronic and spin proper-
ties could be deliberately experimentally developed and synthesized. 

Fig. 3. Band structures (left) and densities of elec-
tronic states (right) of 2D MAX and MXene phases. On 
the left: The red lines in the band structures indicate 
the Fermi level position. A set of nonequivalent points 
in the reciprocal space is plotted along the abscissa 
axis. The solid lines correspond to α electrons and the 
dotted lines correspond to β electrons. On the right: 
The red vertical lines in the electron densities of 
states indicate the Fermi level position. Manganese p- 
DOSes in the upper and lower atomic layers (see 
Fig. 2and S2) are colored in blue and purple, 
respectively. The partial DOSes of the other elements 
are presented in SI Section, Figs. 3S–7 S. (For inter-
pretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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