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1. Abstract 

High-temperature ferromagnetic materials with planar surfaces are promising for spintronics 

applications. Using the state-of-the-art density functional theory (DFT) calculations, 

transition metal (TM = Cr, Mn, and Fe) incorporated graphitic carbon nitride (TM@gt-C3N4) 

systems are investigated for possible spintronics devices. Interestingly, ferromagnetism and 

half-metallicity observed in all the TM@gt-C3N4 systems. We find that Cr@gt-C3N4 is a 

nearly half-metallic ferromagnetic material with a Curie temperature of ~450 K. The 

calculated Curie temperature is noticeably high while compared to any planar 2D materials 

studied to date. Further, it has a steel-like mechanical stability and also possesses remarkable 

dynamic and thermal (500 K) stabilities. The calculated magnetic anisotropy energy (MAE) 

in Cr@gt-C3N4 is as high as 137.26 μeV/Cr. Thereby, such material with a high Curie 

temperature can be operated at high temperatures for spintronics devices.  

 

Keywords: Half-metallicity, Ferromagnetism, gt-C3N4, Spintronics, High Curie Temperature 
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2. Introduction: 

Atomically thin two-dimensional (2D) materials with planar surfaces have attracted 

considerable interest for their potential in spintronics devices.1-2  Graphene and its analogues 

2D materials with planar surfaces have shown tremendous potential due to their low 

dimensionality, electron confinement, and exceptional electronic/optical properties. 

Spintronics engages the study of the active manipulation of spin degree of freedom in 

materials. The spin properties should sustain above the room temperature for their practical 

applications. Layered 2D materials like graphene,3,10-11 graphyne,12 hexagonal boron nitride,13 

g-C3N4
14-17 and mono-layered MnO2

18 have drawn great attention due to their unique and 

tunable optoelectronic and spin-electronic properties. However, most of the biocompatible 

2D materials are nonmagnetic, which limits their application in Spintronics. Earlier reports 

suggest that transition metal (TM) incorporation on metal free 2D materials like graphene,19-

20 graphyne,11 carbon nitride16-17 induces some local magnetic moment and also leads to half-

metallicity, where we can get 100% spin-polarized currents at the Fermi level. This is a very 

promising approach as this can significantly reduce the metal loading. 

Recently, graphitic carbon nitride (g-C3N4) has received a lot of interest due to its wide 

applications in various fields.14-23 However, carbon nitride exists in several allotropes, though 

the graphitic phase is the most stable phase under ambient conditions.22-23 Previous reports 

show that the most stable planar graphitic (g-C3N4) sheet has two isomers: (i) heptazine-based 

g-C3N4 (gh-C3N4) and (ii) triazine-based g-C3N4 (gt-C3N4).
23

 Interestingly, gh-C3N4 based 

materials have been widely investigated for spintronics and other applications.16-17, 22-25. 

However many times, the flat surface and thickness of 2D materials could not be controlled 

with precision. This suppresses the magnetic character of the 2D nanosheet. So, high-

temperature ferromagnetic property in the atomically thin 2D nanosheet is one of the main 

challenges for the scientific community. 
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A large number of theoretical studies have been performed to investigate the ferromagnetic-

antiferromagnetic coupling, half-metallicity and high magnetic anisotropy energy (MAE) for 

transition metal incorporated gh-C3N4 systems.21 Zhang et al.21 reported that transition metals 

strongly bind with gh-C3N4 than graphene and such transition metals embedded gh-C3N4 

materials have been synthesized at elevated temperatures. 31-43 Recently, transition metal 

incorporated gh-C3N4
16-17,21 systems have been theoretically studied and revealed that such 

systems (TM@gh-C3N4) are metallic.17-21 However, triazine-based g-C3N4 (gt-C3N4) 

structures have not been much studied.26-28 Recently, B, Al and Cu atoms (nonmagnetic 

elements) embedded gt-C3N4 systems reported being half-metallic.24 Furthermore, the 

ferromagnetism observed only in B and Al embedded gt-C3N4 systems. Interestingly, similar 

triazine-based g-C4N3 (C-doped gt-C3N4) motif shows intrinsic half-metallicity after carbon 

self-doping.29-30 However, most of the intrinsic 2D materials are not magnetic, and their 

magnetic interactions are not strong enough to sustain the magnetism above room 

temperature. The creation of unsaturated p/d orbitals has received considerable attention for 

magnetism in 2D materials and remains an importance challenge for scientists.  

Therefore, the gt-C3N4 based systems24, 29 are unique and interesting as they show interesting 

magnetic properties (half-metallicity) compared to gh-C3N4 based systems. Hence, such 

interesting magnetic properties in gt-C3N4 based systems inspired us to study TM embedded 

gt-C3N4 systems. Thereby, we have investigated the first-row transition metal (Cr, Mn, and 

Fe) incorporated gt-C3N4 systems to create unsaturated p/d orbitals for possible spintronics 

materials by density functional theory (DFT) calculations.24 The first-row transition metals 

are considered as they are abundant and show better magnetic properties.25 The stability of 

the planar TM@gt-C3N4 sheets is very important for their synthesis and practical 

applications. Therefore, the stability of these sheets is confirmed systemically from the 

energetic (cohesive energy), mechanical (stress vs. strain), dynamical (phonon dispersion), 
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and thermal (molecular dynamics simulation) studies. The structural (geometry of the 

structures, oxidation state of metal), electronic (spin-polarized density of states and band 

structures) and magnetic (magnetic anisotropy energy, exchange energy, Curie temperature) 

properties are investigated to find out the principal requirements for memory and spintronics 

applications. Furthermore, Monte Carlo (MC) simulations are performed to predict the Curie 

temperature of TM@gt-C3N4 systems. 

 

3. Computational Methods: 

We have used spin-polarized density functional theory (DFT) calculations as implemented in 

the Vienna Ab initio Simulation Package (VASP).44 The Perdew−Burke−Ernzerhof (PBE) 

exchange-correlation functional within the generalized gradient approximation (GGA)45 is 

used for the present study. Projected augmented wave (PAW) method46-47 is employed using 

an energy cut-off of 470 eV to describe the electronic wave functions. GGA+U method is 

used to properly describe the strongly correlated electrons in the partially filled d orbitals. 48 

GGA+U method is used in our study, as it is well known that the GGA cannot properly 

describe strongly correlated systems containing partially filled d subshells.49 Thus, we have 

divided electrons into two classes. The delocalized s and p electrons are described by the 

GGA method, whereas the localized d electrons are defined by the Coulomb and exchange 

corrections. This method not only improves excited-state properties such as energy gaps but 

also for ground-state properties (such as magnetic moments and interatomic exchange 

parameters). We have used correlation energy (U) of 4 eV and exchange energy (J) of 1 eV 

for TM d-orbitals. These U and J values have been well tested and used in many previous 

experimental studies on similar systems.50-55 The vacuum is taken 12 Å along the z-axis to 

avoid any interaction between the two adjacent layers. The Monkhorst-pack56 generated a set 

of 9×9×1 K-point is used to optimize all the structures. We have included the semi-empirical 
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DFT-D3 type of dispersion energy correction.57 The convergence criteria for energy and 

force are set at 10-6 eV and 10-3 eV/Å, respectively. A set of 45×45×1 K-point is used for the 

spin-polarized density of state calculations (DOS). Bader charge analysis is performed58-60 by 

using the Henkelman programme61 with near-grid algorithm refine-edge method to 

understand the charge transfer process. Thermal stability of TM@gt-C3N4 systems is verified 

by carrying out Ab Initio Molecular Dynamics Simulations (AIMD) using canonical 

ensemble at 300, 500 and 1000 K with a time step of 1 fs for 5 ps. The nose thermostat model 

is used to control the temperature during the MD simulation.62 

The energies of the ferromagnetic (FM) and antiferromagnetic (AFM) states of the (2×2) 

supercell geometry for each TM are calculated to understand the preferred magnetic 

coupling. The exchange energy (Eex) per supercell is calculated using the following equation: 

Eex = EFM − EAFM         (1) 

where EFM and EAFM denote the energies of ferromagnetic and antiferromagnetic states 

respectively. Similarly, the magnetic anisotropy energy (MAE) per supercell is calculated 

using the following equation: 

MAE = ES0 – ES1            (2) 

where, ES0 is the energy of the system without employing any magnetic axis and ES1 is the 

energy in the presence of an easy axis. Here, the easy axis is the z-axis, which is 

perpendicular to the plane of TM@gt-C3N4 sheet [Supporting Information, text S2]. 

The spin density difference (SDD)63 is plotted to understand the nature of the electron spin 

density on the unpaired electron in the pure/doped gt-C3N4 systems. The SDD is calculated 

using the following equation. 

              (3) ρSDD = ρUp − ρDown  
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Here, ρUp and ρDown are the up and down electron spin density, respectively. In SDD, the 

positive and negative phases of the wave function for the different lobes are indicated by 

green and red colors, respectively. The direct mapping of the electron spin density is 

measured by the neutron diffraction in electron spin resonance (ESR) spectroscopy.64 

4. Results & Discussion: 

4.1 Pure gt-C3N4: 

Previous reports23 show that gt-C3N4 structure is 0.2 eV less stable than the gt-C3N4 

structure. However both the structues are synthesized experimentally.27-28 Thus, a hexagonal 

unit cell (Figure 1a) of the gt-C3N4 structure is considered for our study26-28. There are two 

types of N (Nin and Nlink; Figure 1a) present in gt-C3N4.
23 The calculated C-N bond lengths 

are 1.33 Å (C-Nin) and 1.46 Å (C-Nlink).
23 The charge density of gt-C3N4 is plotted 

[Supporting Information, Figure S1(b), Table S1], which shows the electrons are highly 

delocalized over the planar surface.22-23  

The spin-polarized density of states (DOS) shows [Figure S1, Supporting Information] that 

gt-C3N4 is a non-magnetic semiconductor with a wide band gap of 1.59 eV. This is very 

much in consistent with previous experimental and theoretical reports of 1.60-2.00 eV.27-28 

The partial projected DOS (pDOS) shows that the valence band (VB) and conduction band 

(CB) edges are mainly consisting of 2s and 2p orbitals of Nin and Nlink, respectively 

[Supporting Information, Figure S2a-b].22-23 Recently, nitrogen rich monolayers such as GaN 

65 and MoN2
66 have been reported for ferromagnetism. Here, magnetism occurs due to the 

presence of non-interacting N 2p orbitals.  
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Figure 1: Schematic diagrams of (a) TM@gt-C3N4 and (b) gh-C3N4 systems. Optimized 

structures (top and side views) of (c) Cr@gt-C3N4, (d) Mn@gt-C3N4, and (e) Fe@gt-C3N4.. 

Here the unit cell is marked by a red dashed line. Important bond lengths (Å) in (f) Cr@gt-

C3N4, (g) Mn@gt-C3N4, and (h) Fe@gt-C3N4 systems. Here, Grey, light blue, deep blue, pink 

and brown colours denote C, N, Cr, Mn, and Fe atoms, respectively.  

4.2 TM@gt-C3N4: 

Earlier transition metal incorporated gh-C3N4 systems have been synthesized31-43 and recently 

Ghosh et al. theoretically predicted their magnetic properties.17 For comparison, we have also 

studied the Cr, Mn and Fe incorporated gh-C3N4 structures and our results are compared with 
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the previous report on gh-C3N4. We find that our calculated cell parameters, binding energy, 

magnetic moments are very much in agreement [Table S2, Supporting Information] with the 

previous report on gh-C3N4. So, our level of theory is good enough for predicting new 

materials and their magnetic properties.   TM embedded gt-C3N4 structures are optimized and 

shown in Figure 1.  

Figure 1 shows that Cr forms a tetra-coordinated planar structure at the pore of gt-C3N4, 

where each Cr atom is bonded to four nitrogen atoms. Similarly, Mn and Fe embedded gt-

C3N4 form a trigonal structure, where each metal atom is bonded to three nitrogen atoms. It 

suggests that the alternate hexagonal layers shift laterally to accommodate the TM atom. In 

Cr@gt-C3N4, the C-N bond distances (Supporting Information, Table S1) suggest that Cr-N1 

and Cr-N4 are coordinating bonds, whereas Cr-N2 and Cr-N3 are covalent bonds. This 

indicates that Cr is in +II oxidation state in Cr@gt-C3N4. Similarly, we find that Mn and Fe 

atoms are in +II oxidation state in Mn@gt-C3N4 and Fe@gt-C3N4 systems, respectively. 

 The electrostatic potential (ESP) surface is plotted (using the VESTA67) on the total electron 

density surface to understand the nature of bonding between the TM and nitrogen atoms 

[Figure S11(a-f)]. The ESP plots show that the TM atoms are positively charged, whereas its 

surrounding N atoms are negatively charged. Bader charge analysis is also done to 

understand the charge distribution on each C, N and TM atoms by using Atoms in Molecules 

(AIM) theory. The important bond lengths and Bader charges of TM@gt-C3N4 systems are 

given in Table S1. It also shows that the TM atoms are positively charged and surrounded by 

negatively charged N atoms. In the TM@gt-C3N4, a significant amount of charge transfer 

occurs from gt-C3N4 sheet to TM atoms. We find that maximum charge transfer occurs in 

Fe@gt-C3N4 (0.68 |e|) system, whereas minimum in Mn@gt-C3N4 (0.46 |e|). This is because 

Fe (1.83) is more electronegative than Cr (1.66) and Mn (1.56). Our Bader charge analysis is 

also very much in consistent with our ESP findings [Supporting Information, Figure S11]. 
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Thus, the gt-C3N4 motif changes due to the transition metal embedding, though the embedded 

structures remain planar. Considering the possibility of synthesizing a freestanding 

monolayer of TM@gt-C3N4, the sheet should have enough structural stability to be isolated. 

Thus, different types of stability are calculated and discussed in the following sections. 

4.3 Energetic Stability: 

The formation, binding, and cohesive energy calculations [Supporting Information text S1] 

are performed to investigate the energetic stability of the single layer TM@gt-C3N4 sheets. 

Our formation energy calculations predict that Cr@gt-C3N4 formation (0.21 eV) is favourable 

over Mn@gt-C3N4 (0.53 eV) and Fe@gt-C3N4 (0.59 eV) [Figure 1(a-c)] systems. However, 

Ghosh et al.17 reported formation energies of -3.65, -4.48, -0.68, 1.40, 2.1, 1.40 eV for Cr, 

Mn, Fe, Co, Cu and Zn@gh-C3N4 structures respectively. Interestingly, systems (Co, Cu and 

Zn@gh-C3N4) with positive formation energy are realized experimentally.31, 36-37 In fact, 

Fe@gh-C3N4 structure is also synthesized experimentally.31 However systems (Cr, Mn@gh-

C3N4) with negative formation energy are yet to be synthesized. Therefore, we believe that 

our predicted structures (Cr, Mn and Fe@gt-C3N4) can be experimentally realized. This could 

be due to the formation of tetra-coordinated Cr (Figure 1) in Cr@gt-C3N4, whereas tri-

coordinated in Fe@gt-C3N4 and Mn@gt-C3N4. Furthermore, the calculated binding energies 

(EB) of the metal atoms in the pore of gt-C3N4 are -7.39, -7.36, and -7.41 eV for Cr-, Mn- and 

Fe@gt-C3N4 systems, respectively. Thus, the TM atoms bind strongly in the pore of gt-C3N4. 

Additionally, we have calculated cohesive energies for metals to rule out the possibility of 

any cluster formation. Our calculated cohesive energies are -4.27, -3.12, and -4.46 eV for Cr-, 

Mn-, and Fe- bulk structures, respectively.68 So, the possibility of cluster formation is low, as 

their binding energies are higher than their cohesive energies. Furthermore, the distance 

between the transition metal atoms is more than 5.0 Å, which reduces the possibility of 

metal-metal interaction.  
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4.4 Dynamic Stability: 

The dynamic stability of TM@gt-C3N4 monolayer sheets is confirmed from the phonon 

frequency calculations. Phonon dispersion calculations are carried out in a supercell (2×2) 

geometry to reduce the constraint of periodic boundary condition. The lattice dynamics of 

TM@gt-C3N4 sheets are examined from their respective phonon dispersion plots (Figure S3). 

The Phonopy code69 is used to calculate phonon properties through the density functional 

perturbation theory (DFPT).70 Our phonon dispersion plot shows a very small imaginary 

frequency of 0.86 cm-1 (Figure S3) for Cr@gt-C3N4 when the phonon dispersion approaches 

to K or M. Such a small imaginary frequency value can be ignored and thus Cr@gt-C3N4 can 

be considered as a dynamically stable structure.71-72 The absence of any large imaginary 

modes (>10 cm-1) in any structures (Figure S3, Supporting Information) confirms that the 

TM@gt-C3N4 structures are dynamically stable. Besides, phonon dispersions are also 

calculated considering the dielectric effects and Figure S4 shows that Cr@gt-C3N4 has a 

small imaginary frequency of 1.03 cm-1. Such a low imaginary frequency value (> 10 cm-1) 

can be ignored71-72 and Cr@gt-C3N4 can be considered as a dynamically stable structure.  

4.5 Thermal Stability: 

The thermal stability of TM@gt-C3N4 systems is assessed by performing ab initio molecular 

dynamics simulations (AIMD) using nose thermostat model as implemented in VASP. AIMD 

simulations are done to figure out the possibility of inter-conversion of the TM@gt-C3N4 

sheet to any other conformers. Simulations are carried out on 2×2, and 3×3, supercell of the 

TM@gt-C3N4, using an NVT ensemble at 300K, 500K and 1000 K with a time step of 1fs 

(femtosecond) for 5 ps (picosecond). AIMD calculations are performed on supercell 

geometries to reduce the constraint of periodic boundary condition. At 300 K, Cr@gt-C3N4 

remains planar throughout the simulation period (5 ps) though Mn@gt-C3N4 and Fe@gt-

C3N4 become buckled [Figure S5-S10, Supporting Information]. Interestingly the Cr@gt-
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C3N4 can withstand the temperature as high as 500 K. However, none of these structures 

retains the planar geometry at 1000 K. This is also reflected from the RMSD (Root mean 

square displacement) plots [Figure S8-S10]. The RMSD fluctuation is minimal up to 500 K 

but significant at 1000 K.  

4.6 Mechanical Stability:  

Strain technology is used to tune the geometrical and spin properties of the magnetic 

material. As supercell is fixed during MD simulations, it is necessary to assess the effect of 

lattice distortion on structural stability. Thus, the structural stability under the strain is very 

important for their synthesis and applications. We have investigated all the three TM@gt-

C3N4 sheets for their mechanical stability and properties. The TM@gt-C3N4 monolayer sheets 

can be deformed either by tensile strain (by gradually increasing the lattice parameters) or 

compressive strain (by gradually reducing the lattice parameters) and following formula73 is 

used to calculate the percentage (%) of strain applied: 

                                             %Strain =  a−a1a × 100     (4) 

where ‘a’ and ‘a1’ are the lattice constants of the monolayer sheet before and after the strain. 

Tensile strains are applied along the in-plane uniaxial and biaxial directions to evaluate the 

mechanical stability of TM@gt-C3N4 monolayers. The effects of uniaxial and biaxial strains 

are investigated on the TM@gt-C3N4 supercell (2×2) structure. Atomic positions are relaxed 

at each strain until the forces on each atom are less than 10-2 eV/Å. Elastic limit is calculated 

from the stress-strain curve (Figure 2) under the tensile stretch.74 
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Figure 2: Strain [(a) Uniaxial and (b) equi-biaxial] vs. stress plots for TM@gt-C3N4 systems. 

Figure 2 (a-b) shows that maximum stress occurs at 17%, 15% and 15% uniaxial strain for 

Cr@gt-C3N4, Mn@gt-C3N4, and Fe@gt-C3N4, respectively. So, the elastic limit of the planar 

Cr@gt-C3N4 is at 0.17 strain with a maximum stress of 24.95 GPa. However, the elastic limit 

decreases to 0.15 for Mn@gt-C3N4 and Fe@gt-C3N4 systems. 

4.7 Mechanical properties: 

Further, we have examined the mechanical properties of the TM@gt-C3N4 sheets. The 

mechanical properties of the sheet can be evaluated from the effect of lattice distortion on 

energetic stability. Here, we calculate the change in energy due to the strain to evaluate their 

mechanical properties. The elastic energy (U/per unit cell) near the equilibrium position can 

be calculated using the following formula:  

          U = 1/2C11εxx2  + 1/2C22εyy2 + C12εxxεyy + 2C44εxy2      (5) 

where C11, C22, C12 and C44 are the linear elastic constants where as εxx , εxy , εyy  are the in-

plane stress along the x, y and xy directions, respectively. The value of the elastic constants 

can be calculated by the polynomial fitting of strain versus energy plot.75-77 The main criteria 

for mechanical stability are C11 > C12 and C44 > 0. The value of C11 can be obtained under 
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uniaxial deformation, whereas C12 can be calculated by polynomial fitting under biaxial 

deformation. For all three TM@gt-C3N4 systems, we find that C11 > C12 and C44 > 0. Thereby, 

the calculated elastic constants of TM@gt-C3N4 sheet satisfy all the criteria to be a 

mechanically stable sheet. Young’s modulus (Y) and Poisson’s ratio (PR) can be calculated 

from the elastic constants using the following equations.77 

 Y = (C2
11-C

2
12)/ C11   (6) 

PR = C12/C11   (7) 

We find that Cr@gt-C3N4 has a higher Young’s modulus (200.10 GPa) [Supporting 

Information, Figure S11 and Table S3] and Poisson’s ratio (0.18) than Mn@gt-C3N4 and 

Fe@gt-C3N4 . Recently, Ruan et al. reported that elemental doping (C, B, S and P) in gh-C3N4 

lowers the Young’s modulus.78 TM incorporation also shows a similar trend. Our calculated 

Young’s modulus value for Cr@gt-C3N4 is 200.10 GPa, which is close to the Young’s 

modulus value (180-200 GPa) of steel.79-80 So, Cr@gt-C3N4 shows a steel like mechanical 

stability.    

4.8 Electronic and Magnetic Properties: 

Total electron density of states (TDOS) of the TM@gt-C3N4 systems derived to understand 

the electronic properties of these systems.  The spin-polarized band structures and DOS are 

plotted (Figure 3-5) to understand the effect of TM in the pore of gt-C3N4.  
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Figure 3: For Cr@gt-C3N4 system: (a) band structure and corresponding DOS plot; (b) d-

orbital splitting, (c) top and (d) side views of spin density difference (SDD) plot. The positive 

and negative phases of the wave function are indicated by green and red colours. Here, 

isosurface value is set at 0.000012 e.Å-3.  

A careful investigation of spin-polarized band structures and DOS reveal interesting magnetic 

characters for TM embedded gt-C3N4 structures. In Cr@gt-C3N4, the crystal field stabilization 

energy (CFSE) is gained by Cr+2 ion due to the formation of a distorted square planar 

geometry [Supporting Information, Figure S13]. In a square planar geometry, the d-orbitals 

split into four bands. Generally, they split into a doubly degenerate dπ (out-of-plane dxz and dyz 

orbitals) and singly degenerate d𝑧2, dxy, and d𝑥2−𝑦2  orbitals. Here we can find that dxz, dyz,  d𝑧2, and dxy are singly occupied orbitals and they appear far from the Fermi level (Figure 3b). 
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However, the in-plane (dxy, d𝑥2−𝑦2) orbitals are little destabilized as they interact with the 

surrounding N 2p orbitals. In Cr(II), those low lying orbitals (dxz, dyz, dz2 and dxy) are singly 

occupied by four spin-up electrons. Thereby, the total magnetic moment in Cr@gt-C3N4 is 4 

μB/Cr. This is very much in consistent with our spin density difference (SDD) plot (Figure 3c-

d), where we find that the local magnetic moment highly localized on Cr. 

Our detailed PDOS analyses (Figure S14) indicate that the spin-up channel mainly comprises 

of Cr 3d electrons, while spin-down channel mainly consists of N 2p electrons. Furthermore, 

the N 2p electrons in the spin-down channel are highly stabilized and thus creating a gap of 

1.22 eV at the Fermi level. In contrary, the metallic nature of the spin-up channel shows that 

the main contribution at the Fermi level comes from the Cr 3d and C/N 2p orbitals. So our 

spin-polarized study indicates that Cr@gt-C3N4 is a half-metallic81-82 system with 100% spin 

polarization at the Fermi. Gao et al. demonstated that Cr terminated (001) surface is nearly 

half-metallic as their one spin channel is metallic and other one is a nearly semiconductor.81-

82 However, in our case, the spin-up band crosses (at Γ-point) the Fermi level a little which 

corresponds to weak metallicity. So, such type of material can also be classified as a nearly 

half-metallic system. Here we predict that the spin-up electrons can be easily transported 

through the carbon-nitride framework with the help of hybridization of C/N 2p and Cr 3d 

orbitals.  

Different competing magnetic states such as non-spin-polarized (NSP), ferromagnetic (FM) 

and antiferromagnetic (AFM)] states are studied to find out the magnetic ground states of 

TM@gt-C3N4 systems.16-17 We find that the FM state is the ground state for the Cr@gt-C3N4 

system. Further, the FM state is stable by 53.79 and 480.87 meV/TM [Supporting 

Information, Table S4] than the NSP and AFM states, respectively.   
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Figure 4: For Mn@gt-C3N4 system: (a) band structure and corresponding DOS plot; (b) d-

orbital splitting; (c) top and (d) side views of spin density difference (SDD) plot. The positive 

and negative phases of the wave function are indicated by green and red colours. Here, 

isosurface value is set at 0.000012 e.Å-3.  

On the other hand, in Mn@gt-C3N4 (Figure 4a-b) system, the CFSE is gained due to the 

formation of a trigonal planar geometry. In the trigonal planar geometry, the d-orbitals split 

into four bands: two double degenerate bands (dyz/dxz and dxy/d𝑥2−𝑦2) and a single degenerate 

band (d𝑧2). This is very much in consistent with our spin-polarized DOS (Figure 4b) of 

Mn@gt-C3N4. Here also, the out-of-plane orbitals (dyz, dxz and d𝑧2) are stabilized with respect 

to the in-plane orbitals (dxy, and d𝑥2−𝑦2). The projected spin density (Figure 4b) shows that 

Page 16 of 28Nanoscale

N
an
os
ca
le
A
cc
ep
te
d
M
an
us
cr
ip
t

Pu
bl

is
he

d 
on

 0
8 

Ju
ne

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Y

or
k 

on
 1

0/
06

/2
01

6 
11

:2
3:

48
. 

View Article Online

DOI: 10.1039/C6NR03282F



17 

 

the magnetic moment arises due to the singly occupied dyz, dxz, dz2 dxy, and d𝑥2−𝑦2 orbitals of 

Mn, which appears at valence band region of -5.0 eV to -3.5 eV. Thereby, the Mn@gt-C3N4 

system contains a local magnetic moment of 5 μB/Mn. 

Our PDOS plot (Figure S14) indicates that the spin-up channel mainly comprises of Mn 3d 

and N 2p electrons, while spin-down channel mainly consists of N 2p electrons. Besides, the 

N 2p electrons in the spin-down channel are highly stabilized and thus creating a gap of 1.09 

eV at the Fermi level. On the contrary, the metallic nature of the spin-up channel shows that 

the main contribution at the Fermi level comes from the Mn 3d and C/N 2p orbitals. So our 

spin-polarized study indicates that Mn@gt-C3N4 is a nearly half-metallic81-82 system with 

100% spin polarization at the Fermi, where the spin-up electrons can be easily transported 

through the carbon-nitride framework with the help of hybridization of C/N 2p and Mn 3d 

orbitals. Further, we find that the FM state is the ground state for the Mn@gt-C3N4 system 

and stable by 46.13 and 344.69 meV/unit cell with respect to NSP and AFM states, 

respectively. 
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Figure 5: For Fe@gt-C3N4 system: (a) band structure and corresponding DOS plot; (b) d-

orbital splitting, (c) top and (d) side views of spin density difference (SDD) plot. The positive 

and negative phases of the wave function are indicated by green and red colours. Here, 

isosurface value is set at 0.000012 e.Å-3.  

Similarly, Fe(II) forms a trigonal planar geometry in Fe@gt-C3N4. Our spin-polarized DOS 

(Figure 5b) shows that five singly occupied spin-up electrons are in dyz, dxz, dz2, dxy, and 

d𝑥2−𝑦2 orbitals. However, the dyz orbital is occupied with a spin-down electron too. Thereby, 

the net effective magnetic moment in Fe@gt-C3N4 is 4 μB (Figure 5b) [Supporting 

Information, Figure S13]. Our SDD plot confirms that the magnetic moment mainly comes 

from Fe 3d orbitals. It can be clearly seen from Figure 5a that spin-up electrons would freely 

transport, while spin-down channel has a band gap of 1.43 eV. Thereby, the spin-down 
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channel shows a semiconducting nature, whereas spin-up channel remains metallic. Thus, 

Fe@gt-C3N4 is a nearly half-metallic81-82 system with 100% spin polarization at the Fermi, 

where the spin-down electrons can be easily transported through the carbon-nitride 

framework with the help of hybridization of C/N 2p and Fe 3d orbitals.  Further, we find that 

the FM state is the ground state in Fe@gt-C3N4, which is stable by 75.21 and 352.02 

meV/unit cell over NSP and AFM states, respectively.  

Therefore, the TM@ gt-C3N4 (TM = Cr, Mn, and Fe) systems are ferromagnetic and all these 

systems have exchange energy (Eex) higher than 330 meV, which is necessary for a high curie 

temperature FM system.12 One of the major conditions of a magnetic material for information 

technology applications is its magnetic anisotropy energy (MAE).12 It helps the magnetic 

moment of a material to align with an easy axis, which is an energetically favourable axis for 

the spontaneous magnetization. We have calculated the MAE using the torque approach21. 

(Supporting Information, Text S2) 

Previous studies show that 5d transition metal embedded gh-C3N4,
21

 and 3d transition metal 

embedded graphyne generate large MAE.12 So, here, we have calculated MAE for TM@gt-

C3N4 systems. The non-collinear magnetic calculations with spin-orbit coupling are 

performed using the GGA+U level of theory. All magnetic moments are calculated with 

respect to a specified easy axis (z-axis). We find that Cr@gt-C3N4 shows MAE of 137.26 

μeV, which is higher than the MAE of Mn@gt-C3N4 (119.83 μeV) and Fe@gt-C3N4 (116.39 

μeV). So, TM@gt-C3N4 systems show high MAE as the FM and AFM states are separated by 

a large energy (>330 meV/unit cell). Thereby, such materials are promising for spintronics 

applications.  

Classical spin Heisenberg Hamiltonian (H) is used to calculate the nearest neighbour 

exchange parameter (Jij).  
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           (7) 

Here, ‘S’ is the total magnetic moment per unit formula. We have already found that the FM 

is the ground state for all the three TM@gt-C3N4 systems. To develop a spintronics device, 

the Curie temperature (Tc) of the material should be comparable or higher than the room 

temperature. Here, the mean field theory (MFT)49 [Text S3, Supporting Information] is 

adopted to estimate the Curie temperatures (TC) of TM@gt-C3N4 systems. The calculated TC 

values are in the range of 311-452 K for TM@gt-C3N4 systems [Supporting Information, 

Table S4]. Previously, Ghosh et al.16-17 reported a high Curie temperature (~ 428 K) of Fe 

incorporated gh-C3N4. However, we find a high TC of 452 K for Cr@gt-C3N4. Further, the 

calculated Tc values are 324 K and 311 K for Mn@gt-C3N4 and Fe@gt-C3N4 systems, 

respectively. Similarly, Monte Carlo (MC) simulations are performed [Text S3, Supporting 

Information] to estimate accurately the Curie temperature (TC) of the Cr@gt-C3N4 system.83-

85 A supercell of 40 × 40 × 1 is constructed for Cr@gt-C3N4 system for the MC simulation, 

and the average magnetic moment per formula unit is taken after the system reached 

equilibrium at a given temperature. We have plotted (Figure 6) the magnetic moment (μB) vs. 

temperature (K) for Cr@gt-C3N4 system and we find that the magnetic moment per Cr atom 

starts gradually dropping at ~370 K and the paramagnetic states is achieved at ~440 K 

temperature, which indicates a magnetic phase transition. Thereby, the Cr@gt-C3N4 

monolayer planar sheet can be a promising material for memory and spintronics devices.   

H = ∑ 𝐽ij Si.Sj  
<i,j> 
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Figure 6. Variation of the total magnetic moment (μB) per formula unit of Cr@gt-C3N4 as a 
function of temperature (K). 

5. Conclusions: 

We have systematically studied the electronic and magnetic properties of the TM@gt-C3N4 

(TM=Cr, Mn, and Fe) systems. A new class of 2D ferromagnetic nearly half-metallic 

materials are predicted with high Curie temperature and sizable magnetic anisotropy energy 

for their spintronics applications. The ferromagnetism in Cr@gt-C3N4 can survive up to 440-

450 K based on our mean field and Monte Carlo calculations. Based on our calculations, we 

predict that Cr@gt-C3N4 system could be one of the high Curie temperature ferromagnetic 

half-metallic materials with 100% spin polarization at the Fermi in atomically thin 2D planar 

materials studied to date. Further, such materials are thermodynamically, dynamically, 

thermally, and mechanically stable and thereby can survive at high temperatures. Therefore, 

we predict that Cr@gt-C3N4 is a very promising material for high-temperature memory and 

spintronic devices. 

6. Supporting Information: 
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The supporting information material is available free of charge on the RSC Publications 

website.  

Computational details, optimized structures, phonon band structures, phonon DOS, MD 

simulations, RMSD plots at three different temperatures (300K, 500K and 1000K), spin-

polarized TDOS, PDOS, Bader charges, mechanical properties (Young’s’ Modulus and 

Poisson Ratio), total electron densities and electrostatic potentials (ESP) plots, energy 

diagram of d-orbital splitting, magnetic properties calculation details and references.   
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