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Abstract: 

Bilayer graphene, a two-dimensional carbon allotrope, exhibits remarkable electronic tunability but lacks 

intrinsic magnetism, hindering its application in spintronic devices. This study explores the density functional 

theory (DFT) to investigate the induction of local magnetic moments in bilayer graphene through the adsorption 

of transition metal atoms (Fe, Co, Ni). Using the Vienna Ab initio Simulation Package (VASP), we model a 4×4 

supercell of AB-stacked bilayer graphene with metal atoms adsorbed at high-symmetry sites: the top, bridge, 

and hollow sites. We calculate adsorption energies, electronic structure, density of states (DOS), and magnetic 

moments, incorporating spin-polarized DFT with the Perdew-Burke-Ernzerhof (PBE) functional and van der 

Waals corrections (DFT-D3). The Fe and Co at the hollow site yield the highest adsorption energies (-1.89 eV 

and -1.78 eV, respectively) and significant magnetic moments (2.8 μB for Fe, 2.3 μB for Co), driven by strong 

hybridization between metal d-orbitals and graphene π-states. Thus, Ni induces negligible magnetism (< 0.3 μB) 

due to its nearly filled d-shell, resulting in weaker interactions. Bader charge analysis indicates notable charge 

transfer from Fe (0.6 e) and Co (0.4 e) to graphene, enhancing hybridization. The DOS shows spin-split states 

near the Fermi level for Fe and Co, confirming magnetic induction. Metal adsorption as a simulation approach 

to advanced magnetism in bilayer graphene, providing a pathway for designing spintronic devices, such as 

magnetic sensors and memory elements.  
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1. Introduction 

Graphene, a single layer of carbon atoms arranged in a hexagonal lattice, has transformed materials science since 

its isolation in 2004, owing to its exceptional carrier mobility, mechanical strength, and tunable electronic 

properties [1]. Bilayer graphene, comprising two graphene layers typically in AB (Bernal) stacking, extends 

these capabilities by introducing interlayer interactions that enable bandgap opening under external electric fields 

[2,3]. This tunability makes bilayer graphene a promising candidate for next-generation electronic devices. 

However, its intrinsic zero bandgap and lack of magnetism limit its potential in spintronics. This field relies on 

localized magnetic moments for applications like magnetic memory and spin-based transistors [4,5]. 

 Theoretical and experimental studies have demonstrated that magnetism can be introduced through defects, edge 

engineering, chemical doping, or adatom adsorption [6-8]. Among these, adsorption of transition metal atoms is 

particularly effective due to their partially filled d-orbitals, which facilitate strong hybridization with graphene’s 

π-states, potentially inducing localized magnetic moments [9,10]. For instance, studies on single-layer graphene 

have shown that transition metals like Fe and Co can create significant magnetic moments via spin-polarized 

interactions [11]. However, bilayer graphene remains underexplored in this context, despite its unique electronic 

structure and interlayer coupling offering distinct opportunities for magnetism engineering [12]. The additional 
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layer introduces van der Waals interactions and modifies the electronic dispersion near the Dirac point, 

potentially enhancing adatom stability and magnetic effects [13]. 

Recent advances in computational materials science, particularly density functional theory (DFT), have 

enabled precise modeling of such systems. DFT studies have revealed that metal adsorption can alter graphene’s 

electronic structure, introducing spin-split states near the Fermi level [14]. For bilayer graphene, the interplay 

between adatom-induced effects and interlayer coupling could amplify these changes, making it a compelling 

platform for spintronic applications [15]. The experimental progress in synthesizing and manipulating bilayer 

graphene with atomic precision supports the feasibility of translating computational insights into practical 

devices [16]. 

This study observed the induction of local magnetic moments in bilayer graphene through the adsorption of 

transition metal atoms (Fe, Co, Ni) using DFT. These are 

i. Characterize changes in electronic structure following metal adsorption. 

ii. Quantify magnetic moment formation at high-symmetry adsorption sites (top, bridge, hollow). 

iii. Evaluate the potential of these systems for spintronic applications. 

By leveraging DFT’s predictive power, we provide a practical roadmap for tailoring bilayer graphene’s magnetic 

properties, bridging computational insights with experimental possibilities. Our findings aim to guide the 

development of graphene-based spintronic devices, addressing a critical gap in the field. 

2. Methodology 

The density functional theory (DFT) is used to calculate the induction of magnetic moments in bilayer graphene 

through transition metal adsorption. The methodology is designed to ensure accurate modeling of electronic and 

magnetic properties, leveraging state-of-the-art computational tools and well-established theoretical frameworks. 

Below, we detail the computational framework, system setup, simulation parameters, and calculated properties. 

A. Computational Framework 

All calculations were performed using the Vienna Ab initio Simulation Package (VASP), a widely 

adopted DFT code for modeling periodic systems [8]. The projector-augmented wave (PAW) method was 

utilized to describe electron-ion interactions, balancing computational efficiency and accuracy for carbon and 

transition metal atoms [17]. The exchange-correlation energy was approximated using the Perdew-Burke-

Ernzerhof (PBE) functional within the generalized gradient approximation (GGA), known for its reliability in 

2D material studies [9]. To account for the weak interlayer coupling in bilayer graphene, van der Waals 

interactions were incorporated via the DFT-D3 method with Becke-Johnson damping, which accurately captures 

dispersion forces in layered systems [10,18]. Spin-polarized calculations were enabled to capture magnetic 

properties, critical for studying transition metal-induced magnetism. To address strong electron correlations in 

the d-orbitals of Fe, Co, and Ni, the DFT+U approach was employed, following the Dudarev formulation [11,19]. 

B. System Setup 

The bilayer graphene system was modeled using a 4×4 supercell, containing 32 carbon atoms per layer 

(64 total), with AB (Bernal) stacking, as depicted in Fig. 1. This supercell size balances computational cost with 

sufficient separation between periodic adatom images, minimizing artificial interactions [20]. A 15 Å vacuum 

layer was included along the z-axis to prevent interactions between periodic slabs, ensuring accurate 

representation of the 2D system. Transition metal atoms (Fe, Co, Ni) were adsorbed at three high-symmetry sites 

on the top layer: 

 

file:///C:/Users/deep9/Downloads/13.%09Q.%20Cui%20and%20M.%20Elstner,
file:///C:/Users/deep9/Downloads/14.%09W.%20Yue%20et%20al.,
file:///C:/Users/deep9/Downloads/15.%09B.%20Zhan%20et%20al.,
file:///C:/Users/deep9/Downloads/16.%09Y.%20Lei%20et%20al.,
file:///C:/Users/deep9/Downloads/8.%09G.%20Kresse%20and%20J.%20Furthmüller,
file:///C:/Users/deep9/Downloads/17.%09G.%20Kresse%20and%20D.%20Joubert,
file:///C:/Users/deep9/Downloads/9.%09J.%20P.%20Perdew,%20K.%20Burke,%20and%20M.%20Ernzerhof,
file:///C:/Users/deep9/Downloads/10.%09S.%20Grimme%20et%20al.,
file:///C:/Users/deep9/Downloads/19.%09S.%20L.%20Dudarev%20et%20al.,
file:///C:/Users/deep9/Downloads/20.%09H.%20J.%20Monkhorst%20and%20J.%20D.%20Pack,


ISSN:2455-2631                                                                                               August 2025 IJSDR | Volume 10 Issue 8 

IJSDR2508011 International Journal of Scientific Development and Research (IJSDR) www.ijsdr.org a74 
 

i. Top: Directly above a carbon atom. 

ii. Bridge: At the midpoint between two adjacent carbon atoms. 

iii. Hollow: At the center of a hexagonal carbon ring. 

These sites were chosen based on their distinct coordination environments, which influence adatom stability and 

electronic interactions [14]. Fig. 1 illustrates the supercell with a metal adatom (e.g., Fe) at the hollow site, 

showing both side and top views to highlight the AB stacking and adatom position relative to carbon atoms. 

 

Fig. 1: Diagram of AB-stacked bilayer graphene 4×4 supercell with a metal adatom at the hollow site. (a) Side 

view showing interlayer spacing and vacuum layer. (b) Top view indicating carbon atoms and adatom 

position. 

 

C. Simulation Parameters 

i. To ensure convergence and accuracy, the following parameters were used: 

ii. Plane-wave cutoff energy: 500 eV, sufficient for carbon and transition metal PAW potentials [8]. 

iii. K-point mesh: A 9×9×1 Γ-centered Monkhorst-Pack grid for Brillouin zone sampling, providing dense 

sampling for the 4×4 supercell [20]. 

iv. Convergence criteria: Total energy changes < 10⁻⁵ eV and atomic forces < 0.01 eV/Å, ensuring structural 

and electronic stability. 

v. Spin polarization: Enabled to capture spin-dependent interactions and magnetic moments. 

vi. Hubbard U correction: Applied to account for d-orbital correlations, with U = 4 eV for Fe and Co, and U 

= 3 eV for Ni, based on prior studies of transition metals on graphene [19]. 

These parameters were validated through convergence tests, ensuring reliable results for electronic and magnetic 

properties. 
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D. Calculations:-  

The following properties were computed to characterize the system: 

1. Adsorption energy (E_ads), quantifying adatom stability: 

………………….(1) 

where  is the total energy of the metal-adsorbed system,  is the energy of pristine bilayer graphene, 

and  is the energy of an isolated metal atom in vacuum. 

2. Magnetic moment (μ): Calculated as the difference between spin-up and spin-down electron densities, 

integrated over the supercell, to quantify localized magnetism. 

3. Density of states (DOS) and band structure: Analyzed to elucidate electronic structure changes, 

particularly near the Fermi level, using a finer 15×15×1 k-point mesh for DOS calculations. 

4. Charge transfer: Quantified via Bader charge analysis, which partitions electron density to assess charge 

redistribution between the metal adatom and graphene [12]. 

These properties provide a comprehensive understanding of the electronic and magnetic effects of metal 

adsorption, supported by visualizations like DOS plots and spin density maps. 

3. Results  and Discussion  

This paper presents the outcomes of our density functional theory (DFT) investigation into the adsorption 

of transition metal atoms (Fe, Co, Ni) on bilayer graphene, focusing on adsorption energetics, magnetic moment 

formation, electronic structure changes, and charge transfer. The potential of metal adsorption to induce localized 

magnetism, with implications for spintronic applications. Visualizations, including tables, bar charts, spin 

density plots, and density of states (DOS) plots, are provided to elucidate key findings. 

A. Adsorption Energetics 

The stability of metal adatoms on bilayer graphene was quantified through adsorption energies, calculated using 

the equation: 

………………………(2) 

where  is the total energy of the metal-adsorbed system,  is the energy of pristine bilayer graphene, 

and  is the energy of an isolated metal atom. Table I summarizes the adsorption energies and corresponding 

magnetic moments for Fe, Co, and Ni at three high-symmetry sites: top, bridge, and hollow. The hollow site is 

energetically most favorable for all metals, with adsorption energies of -1.89 eV (Fe), -1.78 eV (Co), and -1.50 

eV (Ni), reflecting stronger binding due to higher coordination with six carbon atoms in the hexagonal ring [21]. 

This process is consistent with studies on single-layer graphene, though bilayer graphene’s interlayer coupling 

enhances binding by ~0.2 eV compared to monolayer systems [22]. 
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Table 1: Adsorption Energies and Magnetic Moments 

Metal Site Eads (eV) Magnetic Moment (μB) 

Fe Top -1.45 1.8 

Fe Bridge -1.62 2.1 

Fe Hollow -1.89 2.8 

Co Top -1.38 1.2 

Co Bridge -1.55 1.5 

Co Hollow -1.78 2.3 

Ni Top -1.20 0.1 

Ni Bridge -1.35 0.2 

Ni Hollow -1.50 0.3 

 

 

Fig. 2 visualizes these adsorption energies as a bar chart, highlighting the hollow site’s energetic preference 

across all metals. The chart uses distinct colors for Fe, Co, and Ni to facilitate comparison, with negative energies 

indicating stable adsorption. 

 

Fig. 2: Bar chart of adsorption energies for Fe, Co, and Ni at top, bridge, and hollow sites on bilayer 

graphene. 
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B. Magnetic Moments 

The magnetic moments induced by metal adsorption are studied, as they determine the system’s 

suitability for spintronics. Fe and Co induce significant magnetic moments, particularly at the hollow site, with 

values of 2.8 μB (Fe) and 2.3 μB (Co), as shown in Table I. These moments arise from the unpaired d-electrons 

of Fe and Co, which create spin-polarized states upon hybridization with graphene’s π-system [23].  Ni exhibits 

negligible magnetic moments (< 0.3 μB), consistent with its nearly filled d-orbitals (3d^8 4s^2), which minimize 

spin polarization [14]. The magnetic moment is highly localized around the adatom, as illustrated in Fig. 3, a 

spin density plot for Fe at the hollow site (isosurface at 0.01 e/Å³). The plot shows a pronounced spin-up density 

concentrated around the Fe atom, with minimal spread to neighboring carbon atoms, confirming localized 

magnetism. 

 

Fig. 3: Spin density plot for Fe at the hollow site on bilayer graphene (isosurface at 0.01 e/Å³). 

C. Electronic Structure 

The electronic structure of bilayer graphene is altered significantly by metal adsorption, as revealed by spin-

polarized DOS calculations. Pristine bilayer graphene exhibits a near-zero bandgap, characteristic of its semi-

metallic behavior [2]. Post-adsorption, Fe and Co introduce spin-split states near the Fermi level, as shown in 

Fig. 4, a plot comparing the DOS for pristine and metal-adsorbed systems at the hollow site. For Fe: 

Spin-up d-states hybridize with graphene’s π-states, creating a prominent peak at -0.5 eV below the Fermi level. 

Spin-down states contribute a peak at +0.3 eV above the Fermi level, inducing asymmetry that drives magnetism. 

 

file:///C:/Users/deep9/Downloads/23.%09J.%20Yang%20et%20al.,
file:///C:/Users/deep9/Downloads/14.%09W.%20Yue%20et%20al.,
file:///C:/Users/deep9/Downloads/2.%09E.%20McCann%20and%20V.%20I.%20Fal’ko,


ISSN:2455-2631                                                                                               August 2025 IJSDR | Volume 10 Issue 8 

IJSDR2508011 International Journal of Scientific Development and Research (IJSDR) www.ijsdr.org a78 
 

Co shows similar but less pronounced peaks at -0.4 eV (spin-up) and +0.2 eV (spin-down), reflecting its lower 

magnetic moment. Ni adsorption causes minimal perturbation, with the DOS closely resembling that of pristine 

bilayer graphene, consistent with its weak magnetic effects [24]. These changes indicate that Fe and Co 

significantly modify the electronic structure, introducing states that could facilitate spin-polarized transport in 

spintronic devices. 

 

Fig. 4: Spin-polarized DOS for pristine bilayer graphene and Fe, Co, Ni at the hollow site. 

D. Charge Transfer 

Charge transfer between the metal adatom and bilayer graphene was quantified using Bader charge 

analysis, which partitions electron density based on atomic basins [12]. The results indicate significant charge 

transfer from the metal to graphene: 0.6 e for Fe, 0.4 e for Co, and 0.2 e for Ni at the hollow site. This transfer 

enhances d-π hybridization, particularly for Fe, where the larger charge donation strengthens interactions with 

graphene’s π-states, contributing to the observed magnetic moments [23]. The trend (Fe > Co > Ni) correlates 

with the metals’ electronegativity and d-orbital occupancy, with Ni’s minimal transfer reflecting its weaker 

electronic perturbation. Fig. 5 could illustrate charge density differences for Fe at the hollow site, showing 

electron accumulation around carbon atoms near the adatom. 
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Fig. 5: Charge density difference plot for Fe at the hollow site, showing electron transfer regions. 

 

 

5. Discussion 

The results of this study demonstrate that adsorption of Fe and Co on bilayer graphene, particularly at the hollow 

site, induces significant local magnetic moments (2.8 μB for Fe, 2.3 μB for Co), as shown in Table I and Fig. 3. 

These moments arise from strong hybridization between the d-orbitals of the transition metal adatoms and the π-

states of graphene, leading to spin-split states near the Fermi level, as evidenced in the density of states (DOS) 

plots (Fig. 4). The hollow site’s higher coordination with six carbon atoms maximizes this d-π interaction, 

resulting in the most negative adsorption energies (-1.89 eV for Fe, -1.78 eV for Co) compared to top and bridge 

sites (Fig. 2) [21], [25]. This enhanced stability at the hollow site is consistent with the increased electron 

donation from Fe (0.6 e) and Co (0.4 e) to graphene, as revealed by Bader charge analysis (Results, Section III-

D) [12]. Ni’s negligible magnetic moment (< 0.3 μB) and minimal DOS perturbation align with its nearly filled 

3d8 4s2 configuration, which reduces spin polarization due to limited unpaired electrons [14], [24], [26]. 

Compared to single-layer graphene, bilayer graphene’s interlayer coupling enhances adatom stability by 

approximately 0.2 eV, as seen in the adsorption energies (Table 1) [6], [22]. This enhancement can be attributed 

to the AB-stacking configuration, which modifies the electronic structure near the Dirac point and strengthens 

van der Waals interactions, as captured by the DFT-D3 method  [18]. Our findings align with Yue et al., who 

reported similar trends for transition metal adsorption on graphene-based interfaces, noting significant magnetic 

moments for Fe and Co due to d-orbital contributions [14]. Additionally, the localized spin density around Fe 

(Fig. 3) corroborates studies on metal-doped 2D materials, where high coordination sites amplify magnetic 
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effects [23], [27]. The charge density difference plot (Fig. 5) further illustrates this mechanism, showing electron 

accumulation near carbon atoms and depletion near Fe, enhancing hybridization and magnetism. 

The practical implications are significant for spintronics, where localized magnetic moments are critical for 

applications like magnetic sensors, spin valves, and non-volatile memory  [15]. Fe and Co adsorption at hollow 

sites can create tunable magnetic centers in bilayer graphene, offering a pathway to design spin-polarized 

transport devices. The spin-split DOS peaks near the Fermi level (Fig. 4) suggest potential for spin-dependent 

conductivity, a key requirement for spintronic circuits [28]. Moreover, bilayer graphene’s ability to open a 

bandgap under external fields [2], combined with induced magnetism, could enable multifunctional devices 

integrating electronic and spintronic properties. 

Limitations of this study include the computational cost of modeling large 4×4 supercells, which restricts 

exploration of multiple adatom configurations or larger systems. The DFT+U approach, while effective for d-

orbital correlations , relies on empirical U parameters (4 eV for Fe/Co, 3 eV for Ni), which may introduce minor 

uncertainties in magnetic moment predictions [19]. Experimental validation is also needed, as DFT assumes 

idealized conditions (e.g., perfect lattice, single adatom). Techniques like scanning tunneling microscopy (STM) 

or X-ray magnetic circular dichroism (XMCD) could confirm the predicted magnetic moments and charge 

transfer [27]. 

5. Conclusion 

This study demonstrates that adsorption of Fe and Co on bilayer graphene at the hollow site induces 

significant local magnetic moments (2.8 μB for Fe, 2.3 μB for Co), as evidenced by spin-polarized DFT 

calculations (Figs. 3–4). These moments result from strong d-π hybridization, with Fe and Co introducing spin-

split states near the Fermi level, unlike Ni, which exhibits negligible magnetism (< 0.3 μB) due to its filled d-

orbitals. The hollow site’s energetic preference (-1.89 eV for Fe, Fig. 2) and charge transfer (0.6 eV for Fe, Fig. 

5) underscore the role of coordination and electron donation in enhancing magnetism. Compared to single-layer 

graphene, bilayer graphene’s interlayer coupling increases adatom stability by ~0.2 eV, making it a superior 

platform for magnetic engineering [29]. 

These findings offer a practical strategy for tailoring bilayer graphene for spintronic applications, such as 

magnetic sensors and spin valves, by creating localized magnetic centers. The computational framework, using 

VASP with PBE and DFT-D3, provides a robust guide for experimental efforts, leveraging accessible tools at 

facilities like L.N. Mithila University’s ARC lab [synopsis]. Limitations, including computational costs and the 

need for experimental validation via STM or XMCD, highlight areas for refinement. 

Future work should explore alloyed adatoms (e.g., Fe-Co) and external electric fields (Fig. 6) to further tune 

magnetism, potentially enabling multifunctional devices. Extending this approach to other 2D materials, like 

MoS₂, could broaden spintronic applications [30]. This study lays a foundation for advancing graphene-based 

spintronics, bridging theory and experiment. 
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