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ABSTRACT 

Graphene has made a revolution in the material industry after the demonstration of the ability 

to successful isolation of graphene thin layers in 2004, due to its exclusive characteristics of 

electronic, optical, and mechanical properties. However, ideal graphene has no net magnetic 

moment due to a delocalized π-bonding in nature and has a zero bandgap which limits its 

practical applications in the world. Nevertheless, many studies have shown that by inducing 

magnetism into graphene, the mentioned limit can be overpowered which enables to apply 

especially in spintronics and memory storage devices. Therefore, this review paper discusses 

four possible techniques in improving magnetic properties on graphene monolayer, which 

are surface doping with adatoms, vacancy creation, substitutional doping, and edge 

modification, by providing the experimental, theoretical evidence and as well as their 

limitations, future research, and applications.  
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1. INTRODUCTION 

Graphene is a monolayer sheet consisting of a tightly bounded 2D array of hexagonal 

honeycomb lattice formed by carbon (C) atoms, that was isolated experimentally in 2004 1. 

Literature defines a high possibility of integrating graphene into novel applications in diverse 

fields of electronics, energy conversion, and flexible information storage systems 2, 3 due to 

its outstanding and unique mechanical, electronic, magnetic, and optical properties 2. Out of 

these, the magnetic properties of graphene are one of the very important research areas to 

understand its behaviour and mechanism, in order to develop graphene-based electronic and 

optoelectronic devices for various applications. As graphene has a long spin-relaxation time 

and ballistic transport characteristics 4, it can be specially used in spintronic devices 3. 

However, the unique properties of the zero-band gap at the Dirac point and the nonmagnetic 

environment of non-defective graphene monolayer 1 have restricted the wide range of 

potential applications of it in the practical world. 

The magnetic properties in the materials mainly rely on the magnetic moment resulting from 

the motion of the electrons. As the electron performs two kinds of rotations, the orbital 

moment and the spin emerged 4. According to their bulk magnetic susceptibility, the 

materials can be classified as diamagnetic, paramagnetic, or ferromagnetic 4. The electron 

spin magnetic moment is classified as the fundamental quantity, Bohr magneton (µB) 4. 

 

 𝜇𝑠𝑝𝑖𝑛 =  
𝑒ℎ

4𝜋𝑐𝑚
= 0.927 × 10−20 𝑒𝑚𝑢 =  𝜇𝐵 (1) 

   

Where, h - Plank constant, m - electron mass, c-speed of light and, e- electron charge. The 

magnetic moment of the atom can be obtained by vector addition of all the electron moments, 

and the total magnetization of the graphene monolayer can be calculated from 4: 

 

 𝑀𝑡𝑜𝑡𝑎𝑙 =  ∫(𝑛𝑢𝑝 −  𝑛𝑑𝑜𝑤𝑛) 𝑑3𝑟           (2) 

 

Where nup and ndown are the number of spins in the up and down direction. However, spin 

polarization and magnetism cannot occur in graphene monolayer due to the absence of 

unpaired electrons 5, 6. 
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Most of the common magnetic materials have 3d/4f transition metals integrated into them in 

order to enhance the magnetic properties by s/p electrons 7, which can be adapted to enhance 

the magnetic properties of graphene. Nevertheless, when developing carbon-based magnetic 

materials, it is important to develop and understand the techniques to control the spin of s/p 

electrons 8. As a solution, many studies have been triggered in this field as they have shown 

that the magnetic properties of graphene can be improved by manipulating electron structure 

9. Considering the difficulty of experimentally manipulating the electronic structure at the 

atomic level with the existing instruments and techniques 3, 10, only fewer literature on 

experimental studies can be observed on the topic of altering the magnetic properties of 

graphene monolayer 3, 10 but considering the future potential of utilizing graphene on 

spintronics and many other novel electronics devices, it is worthwhile to get a depth in 

knowledge of techniques on improving the magnetic properties of graphene. Therefore, this 

review paper highlights four possible techniques which are surface doping with adatoms 3, 

vacancy creation 3, 11, substitutional doping 3, 11 and, edge modifications3 that can be 

employed for the task of altering the magnetism of monolayer graphene. It is also to note 

that the results presented in this article are based on these methods, most of the evidence on 

magnetic graphene can only be observed at low temperature rather than at room temperature 

which implies a limitation in inducing magnetization into graphene 9. 

 

2. MAGNETISM-INDUCINGING METHODS 

 

2.1 Surface Doping with Adatoms 

When doped on the graphene surface with a selected dopant, the adatom can obstruct and 

alter the natural behaviour of graphene. The Adatom adsorption on graphene monolayer 

surface stimulates lattice deformation which leads to the electric dipole moment and the 

spin-polarized magnetic moment 6. Figure 1(a) shows the three high symmetry sites (H, B 

and T) which are suitable for the adsorption of adatoms 3 and Figure 1(b) illustrates a lattice 

with adatoms on the H sites on a graphene monolayer. 
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Héctor González-Herrero et al.5 have reported having observed a magnetic moment in 

graphene by doping the graphene surface (7 × 7 nm2)  with a single H atom. The Scanning 

Tunnelling Microscopy (STM) image of the observation is shown in Figure 2 5 and they have 

suggested the reason behind this phenomenon as the changes in the hybridization of carbon 

from sp2 to sp3 and the removal of the pz orbital. Furthermore, the induction of magnetic 

moment due to Co and Fe single adatoms adsorbed in graphene monolayer are been 

confirmed theoretically by the DFT calculation individually12,13 which also has been 

supported by the experimental evidence10, 14, 15. After Fe is adsorbed on graphene, the 

predicted electronic configuration is 3d74s1 10 while for Co is 3d84s1 10. Not only the 

monoatomic elements but diatomic compounds have also contributed to the magnetization 

of graphene. As for the Co-N (cobalt-nitrogen) adsorption, a saturation magnetization of 

0.11 emug-1 at 300K  and 0.73 emug-1 at 5 K have been reported experimentally 16. According 

to the above literature, the reason behind the induction of magnetism in the above cases is 

the pz delocalization of N and C atoms and the hybridization between the d electrons of the 

Co and Fe atom, in respective cases 16. 

 

The asymmetrical band diagram and Density of States (DOS) indicate the induced 

magnetism in the graphene monolayer. Figure 3, 6 illustrates such an asymmetric condition 

caused by adsorbing Mn 6 ,17. Moreover, the adsorption of  Ca6, Ba6 and Sr6 atoms 

individually also have shown non-zero magnetic moments theoretically according to the 

asymmetric conditions of the band diagram and DOS.    

In contrast, not all the elements will trigger the induction of magnetic moment. The 

adsorption of Ni adatom on monolayer graphene has not shown any magnetic moment 

Figure 1: (a) The 3 different possible adsorption sites (H, B, and T) on graphene 

monolayer (b) Adatom on the H site on a graphene surface (yellow-carbon atom, pink-

adatom) 12   

https://www.semanticscholar.org/paper/First-principles-study-of-metal-adatom-adsorption-Chan-

Neaton/5f0c2fa22be5e7ee7614410abb22506273d6487a 

 

(a) (b) 

https://www.semanticscholar.org/paper/First-principles-study-of-metal-adatom-adsorption-Chan-Neaton/5f0c2fa22be5e7ee7614410abb22506273d6487a
https://www.semanticscholar.org/paper/First-principles-study-of-metal-adatom-adsorption-Chan-Neaton/5f0c2fa22be5e7ee7614410abb22506273d6487a
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neither theoretically 10, 13  nor experimentally 10, 14. According to the X-ray Magnetic Circular 

Dichroism (XMCD) measurements and X-ray Absorption Spectra (XAS)10 which had been 

carried out in experimental studies, adsorption of Ni has not displayed any magnetic moment 

as shown in Figure 4. According to the observations of Co and Fe adsorption 10, the predicted 

electron configuration for Ni after the adsorption should be 3d94s1 10. However, the Ni-

graphene system has not shown any magnetic moment. Thomas Eelbo et al. 10  suggested 

that the reason for the non-magnetism of the Ni-Graphene system is due to the conversion 

of electron configuration in the Ni monomer from 3d84s2 to 3d104s0 configuration, so all the 

d-orbitals are paired where higher d occupation led to the absence of magnetic moment of 

Ni adatom.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: STM topography of a single H atom 

on graphene 5 
https://inano.medarbejdere.au.dk/news-and-

events/events/show/artikel/specialized-inano-lecture-atomic-
scale-control-of-graphene-magnetism-using-hydrogen-atoms/ 

Figure 3: Asymmetric band structure & 

DOS of Mn adsorbed graphene monolayer 6 
https://www.nepjol.info/index.php/JNPhysSoc/article/view/
14439 

 

 

 

Figure 4:  XAS and XMCD spectra obtained for spin up (µ+) and spin down (µ-) 

indicating non-magnetism(µ- - µ+ ≈ 0)in Ni adsorbed graphene monolayer obtained at 

0° and 70° gracing  incident angles 10 
https://doi.org/10.1103/PhysRevLett.110.136804 

 

 

https://inano.medarbejdere.au.dk/news-and-events/events/show/artikel/specialized-inano-lecture-atomic-scale-control-of-graphene-magnetism-using-hydrogen-atoms/
https://inano.medarbejdere.au.dk/news-and-events/events/show/artikel/specialized-inano-lecture-atomic-scale-control-of-graphene-magnetism-using-hydrogen-atoms/
https://inano.medarbejdere.au.dk/news-and-events/events/show/artikel/specialized-inano-lecture-atomic-scale-control-of-graphene-magnetism-using-hydrogen-atoms/
https://www.nepjol.info/index.php/JNPhysSoc/article/view/14439
https://www.nepjol.info/index.php/JNPhysSoc/article/view/14439
https://doi.org/10.1103/PhysRevLett.110.136804
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Furthermore, Table 1 shows the magnetic moment variation by adsorbing rare-earth atoms 

at the H, T and B sites on graphene 18. By observing the data in the table, it can conclude 

that the magnetic moment increases gradually when the atomic number, hence the unpaired 

electrons in the 5d, 4f  or 4f orbitals,  of the adsorbing the lanthanide series elements increase 

respectively (Figure 5). Here the sequence of unpaired electrons is 2, 4, 6, and 7 respectively 

for Ce, Nd, Sm and Eu.  

Even though experimental techniques had succeeded in hydrogenated graphene, further 

developments in efficiency, stability, environmental suitability, and cost-effectiveness are 

necessary to study.  Furthermore, adatom adsorbed graphene has the possibility of being 

utilised in biological sensors, energy conversion, energy storage devices, spintronics and as 

well as catalysts which are dependent on the adatom’s nature 3. 

 

    Adatom Electronic 

configuration 

of the adatom 

Site Magnetic 

moment(µB) 
 

Ce  [Xe] 4f1 5d1 

6s2 

T 2.903 

H 2.957 

B 4.744 

Nd  [Xe] 4f4 6s2 T 4.936 

H 4.960 

B 7.024 

Sm  [Xe] 4f6 6s2 T 7.042 

H 7.034 

B -8.017 

Eu  [Xe] 4f7 6s2 T 8.019 

H 8.033 

B 8.036 

 

2.2 Vacancy Creation  

During the production procedure of graphene, lattice defects are formed which led to 

variations in the lattice structure and eventually induces the magnetism on graphene 

monolayer. It is highlighted that the magnetic moment is subtle to defect concentration, and 

vacancy separation 19, 20. A mono vacancy in the lattice as shown in Figure 6, makes three σ 

Table 1: Magnetic moment of adsorption 

of lanthanide series adatom on graphene 

monolayer on different sites. 18 

Figure 5: The optimized atomic 

structure of Eu adatom adsorbed on the 

H site. Green-Eu adatom, brown- C 

atoms 18 
https://doi.org/10.4028/www.scientific.net/KEM.645

-646.40  
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https://doi.org/10.4028/www.scientific.net/KEM.645-646.40
https://doi.org/10.4028/www.scientific.net/KEM.645-646.40
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dangling bonds resulting from the absence of the π electron. As a result, the magnetic 

moments of the three C atoms with dangling bonds around a vacancy are summed up and 

produce the local magnetic moment 8. Figure 7 shows how the spin symmetry (spin up & 

spin down) has broken in the density of states (DOS) graph due to the mono vacancy created 

in a 4× 4  superlattice system (Figure 7). 

Many DFT calculations on single vacancy monolayer graphene have reported the existence 

of magnetic moment in the range of 0.69-1.53 µB
 19 ,21. In order to explore the effectiveness 

of the nature of the vacancies’ in the magnetization of graphene  STM images of graphene 

monolayer were been used 22. Further, this experimental study has clarified the presence of 

magnetism in vacancy-defected monolayer graphene 22. They have stated, “vacancies in 

single layer graphene lead to magnetic couplings of arbitrary sign” 22. 

 

 

 

Not only single vacancy but also multi vacancies will trigger the magnetic properties of 

graphene monolayer 23. Studies have emphasized that in the vacancy creation method, 

magnetic properties are mainly affected by vacancy defect concentration and its 

configuration 23. For example, experimental and theoretical studies on divacancy had shown 

a dangling bond-free distorted structure which has been identified as a nonmagnetic system 

24, 25. However, some theoretical studies have shown the existence of nonmagnetic properties 

in the adjacent divacancy systems while the random divacancy systems exhibit a magnetic 

moment of 2.00 𝜇𝐵. Such two systems are shown in Figure 8 and Figure 9, 26. Additionally, 

Dai et al stated,” For the vacancy configurations in which an odd number of C atoms are 

missing, at least one dangling bond persists, and thus the local moments are present showing 

ferromagnetic coupling between C atoms at the vacancy defect” 23. Therefore, according to 

Figure 6: Single vacancy 

monolayer graphene (4*4 

superlattice) 

Figure 7: DOS of single vacancy monolayer 

graphene (4*4 superlattice) 



H. N. S. Peiris, W. W. P. De Silva/ Sri Lankan Journal of Physics, Vol. 23 (1) (2022) 46-62      53 

the above observations, it can be concluded that random divacancy is much better than the 

monovacancy system when concerning magnetic moments. Furthermore, Table 2 shows 

how the vacancy concentration affects the magnetic moment 27. According to the table 

information, magnetic moment decreases when the vacancy concentration increases which 

implies that the magnetism of this technique strongly depends on the vacancy defect 

concentration. As of these results, magnetization optimized around 1% to 1.4% of defect 

concentration. The possible reasoning for the reduction of the magnetic moment beyond the 

1.4 % defect concentration may be due to the breaking of randomness when the vacancy 

concentration increases. 

 

  

 

  

 

 

 

 

 

Vacancy concentration 12.5%  5.6%  2.0%  1.4%  1.0% 

Magnetic moment, µB 1.00 1.55 1.91 2.00 2.00 

Studies have shown that magnetic properties can be further improved by adsorbing adatoms 

around the vacancy defected areas 28. Experimentally, it has been studied the magnetism of 

divacancy monolayer graphene adsorbed with Si atoms shows sp2d hybridization 28. 

Furthermore, DFT calculations had carried out on binding metal atoms (Pt, Pd, Au, and Sn) 

on mono vacancy defected graphene monolayer 29 and the magnetic moment values are 

shown in Table 3 . By observing the Table 3 it can be shown that Au metal atom around a 

single vacancy, magnetic properties can be further developed.  Additionally, adsorbing three 

Magnetic moment = 0.00 𝜇𝐵 Magnetic moment = 2.00 𝜇𝐵 

Figure 8: Adjacent divacancy lattice 

structure in graphene monolayer 26 
https://doi.org/10.1063/1.4980372  

 

 

Figure 9: Random divacancy lattice 

structure in graphene monolayer 26 
https://doi.org/10.1063/1.4980372  

  

 

Table 2:  Magnetic moment dependency on vacancy concentration 
27 

https://doi.org/10.1063/1.4980372
https://doi.org/10.1063/1.4980372
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hydrogen atoms around the vacancy area had shown a magnetic moment of 0.15 µB 
30

 as 

shown in Figure 10.  

 

Adatom Magnetic moment µB 

Pt 0.00 

Pd 0.00 

Sn 0.00 

Au 1.00 

 

 

 

 

2.3 Substitutional Doping 

Substitutional doping is done by replacing carbon atoms in the graphene monolayer where 

electron-accepting or donating heteroatoms facilitates the electronic and magnetic properties 

changes 3. Studies have shown that the magnetic properties differ with the size, type, and 

concentration of dopant adatoms. 

Many studies had considered boron (B) as a suitable element for substitutional doping in 

graphene monolayer due to its similar configuration to the C atom. Experimentally, it has 

been observed to have the zero bandgap and to have alterations in the electronic structure 

for B substituted graphene monolayers which had grown using the chemical vapour 

deposition method 31. Additionally, the magnetic properties have been observed in them due 

to unpaired single pz electron on the neighbouring C atom 31. Furthermore, the studies have 

shown the B substituted graphene to have a promising future in supercapacitor technology 

as well as in Li-ion batteries due to its high specific capacitance and cyclic stability 3.  

Furthermore, sulfur (S) substituted graphene monolayer had shown strong ferromagnetism 

with the magnetization of 5.5 emu g−1 at 2 K temperature which had been attributed to the 

delocalization of graphene 32. due to the electron-donating by sulfur and as a result, it 

enhances the electron density in the graphene system. Additionally, according to the DFT 

calculations by Tuček et al 32, as shown in Table 4, they have shown the variation of magnetic 

moment with the sulfur concentration which clarified the dependence of magnetic moment 

on the dopant concentration during the substitution. Figure 11 shows the magnetic moment 

distribution of 4.2% of sulfur doping and the projected density of state (DOS) graph which 

Table 3: Magnetic moment of by binding 

metal atoms on single vacancy area 29 

Figure 10: Three H atoms adsorbed around 

the single vacancy area 30
 

https://iopscience.iop.org/article/10.1088/1742-
6596/1951/1/012012/meta  

https://iopscience.iop.org/article/10.1088/1742-6596/1951/1/012012/meta
https://iopscience.iop.org/article/10.1088/1742-6596/1951/1/012012/meta
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implies the existence of magnetism 32.  Furthermore, looking into Table 5 33, it shows that 

the magnetic moment increases when going down the alkaline earth metal group which 

implies that in this method, the magnetic moment of graphene also depends on the size and 

the type of the dopant. 

 

  

Concentration 

of sulfur 

Magnetic 

moment (µB) 

4.2% 0.5 μB 

6.25% 0.2 μB 

 

Substitution 

Element 

Magnetic 

moment(µB ) 

Be 0.00 

Mg 1.95 

Ca 1.99 

Sr 2.00 

 

 

 

 

 

 

 

Table 4: Magnetic moment dependency on 

substituted S concentration 32 

Table 5: Magnetic moment of alkaline earth 

metal substitution in graphene monolayer 33 

Figure 11: (a)Magnetic moment distribution of 4.2% S 

doping (yellow-S atoms, brown- C atoms) (b) DOS graph of 

4.2% S substitution on graphene monolayer 32 
https://doi.org/10.1002/adma.201600939  

https://doi.org/10.1002/adma.201600939
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2.4 Edge Modifications 

Graphene nanoribbons (GNRs) are one of the architectures used in the advancement of 

spintronics and other magnetism-based devices 34. GNRs can be attained by cleaving 

graphene in the armchair and zigzag edge shapes 3 as shown in Figure 12. Theoretical studies 

have emphasized that the magnetic and electronic properties of GNRs vary with the nature 

of the atomic edges 3 ,35. Experimentally, it has been confirmed that there is a finite bandgap 

in GNRs 36, 37. The properties of GNRs are different compared to graphene as the 

symmetrical perfect structure of the graphene monolayer is disturbed by the edge 

modification of GNRs 35. A major drawback in GNRs is the difficulty to produce 

nanoribbons edges with atomic precision and the studied graphene nanoribbons so far are 

chemically unstable3,35, 38. Nevertheless, recently researchers had found a novel experimental 

method for stabilizing the graphene nanoribbons’ edges by substituting Nitrogen atoms and 

measuring the magnetic properties directly 39. Theoretically, armchair GNRs are considered 

to be unfavourable for magnetic ordering 3, 35 while zigzag GNRs are predicted to be having 

the potential of inducing magnetism and use in spintronics applications 3, 35. 

 

 

 

 

 

 

 

 

Lanfei Xie et al.40 have reported the presence of ferromagnetism at room temperature in 

partially hydrogenated epitaxial graphene with zigzag edges which had been confirmed by 

Superconducting Quantum Interference Devices Measurements. According to their 

suggestions 40, partial hydrogenation forms unpaired electrons which is resulting in the 

bonding delocalization system and eventually causing ferromagnetism 40. 

Figure 12: Different types of defects in opening the bandgap in graphene 

monolayer sheet 
https://ieeexplore.ieee.org/document/9388280/authors#authors 

 

https://ieeexplore.ieee.org/document/9388280/authors#authors
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An experimental study has shown a saturation magnetization of  0.303 emu/g for the GNR 

with N-doped zigzag edge 34. Many adatoms and chemical groups have been used to 

functionalize the graphene edges 2, 34. Additionally, it is studied and concluded that by 

functionalizing the one side edge with H, SO2, and NO2 atoms, half-metallic zigzag GNRs 

can be obtained 41. Wide-range of studies on GNRs have suggested future potential 

applications in spintronics, energy storing devices, optoelectronics, sensors, high-

performance nano-electronics, bioimaging devices etc.2.  

 

3. DISCUSSION 

Even though graphene has many potential novel applications due to its unique properties, 

zero magnetism can be observed in pristine graphene because of the zero-band gap at the 

Dirac point and the absence of unpaired electrons. As a result, it restricted the applications 

on magnetic-based devices such as spintronics. Therefore, many scientists are focused on 

improving the magnetic properties of graphene so that it can be readily applied to magnetic-

based devices. Some possible techniques are reported for inducing magnetism into a 

graphene monolayer. Out of these techniques, surface doping with adatoms, vacancy 

creation, substitutional doping and, edge modifications methods have shown favourable 

outcomes so far. 

By adsorbing adatoms, it distorted the lattice configuration and eventually an electric dipole 

moment and a spin-polarized magnetic moment emerged. The magnetic value of this method 

solely depends on the nature of the adsorbed adatom. Though the adsorption mechanism had 

already proven the alteration of magnetism of graphene monolayer, there are many 

challenges related to this method, especially adsorption of alkaline earth metals is yet to be 

tested by experimentalists. Even though experimental techniques had succeeded in 

hydrogenated graphene, further developments in efficiency, stability, environmental 

suitability, and cost-effectiveness are necessary to study. In addition, further studies in this 

method are required to manipulate the magnetism where it preserves the intrinsic properties 

of graphene such as high charge conductivity. Though there is a reliable success in the 

halogenation of graphene,  new challenges are yet to be addressed by experimentalists when 

considering commercial production.  

Unlike the adsorption of the adatom method, the vacancy creation method had gone under 

many experiments since vacancies are the most common lattice defects seen during its 



H. N. S. Peiris, W. W. P. De Silva/ Sri Lankan Journal of Physics, Vol. 23 (1) (2022) 46-62      58 

growth and irradiation. However, the existence of magnetism depends on the no. of 

vacancies and its configuration where the reasons for these conditions are yet to be studied 

by researchers. Although there are already many reliable techniques used to create vacancies 

in graphene monolayer, there are many challenges in commercializing this method and 

controlling the number of vacancies. Even though theoretically the predicted magnetic 

moment of a single vacancy graphene monolayer is in the range of  0.69-1.53 µB, 

experimental evidence on room temperature ferromagnetism is still limited. The reasons 

behind these limitations of room temperature ferromagnetism in graphene monolayer are 

remained debatable and need further studies. In addition to that, studies have shown that the 

magnetic moment can be further improved by doping adatoms around the defected area. 

Substitutional doping by replacing carbon atoms in the graphene monolayer along with 

electron-accepting or donating heteroatoms tailored to the electron and magnetic properties. 

Where the magnetic moment differs with the dopant adatoms’ size, type, and concentration. 

Band gap opening by B and S substitution is dependent on the concentration and room 

temperature ferromagnetism in this method is yet to be addressed. Though many successful 

synthesis methods and techniques had developed on substitution methods, large-scale 

commercialized production is still not yet achieved as it has many challenges. This is because 

the band gap of this method depends on the concentration and experimentalists have to 

encounter challenges in controlling the dopants at specific locations in the lattice without 

affecting the intrinsic properties of graphene.  

The edge modification is a reliable method of inducing magnetism in a graphene monolayer 

where the magnetic properties vary with the nature of the edges. Many theoretical studies 

had proven the improvement of magnetism in graphene monolayer through this method, but 

only fewer experiments can be observed in this technique. Although the GNR has been 

widely developed, functionalizing the edges experimentally is remained difficult to achieve 

at the atomic scale which is a major drawback of this method. 

 

4. CONCLUSION  

Graphene is a promising 2D material with novel applications in nano-electronics, sensors, 

energy-storing devices, etc. due to its properties like high charge carrier mobility and 

mechanical properties. However, due to the zero bandgap and non-magnetism, it restricted 

its wide applications. Hence, this review mainly focuses on four possible magnetism-
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inducing methods in graphene monolayers which are surface doping with adatoms, vacancy 

creation, substitutional doping, and edge modification. In these techniques, the magnetic 

properties are dependent on the adatom nature, no. of vacancies, vacancy configuration, and 

the type of edges. The addressed theoretical and experimental evidence support the 

achievability and the challenges of these methods. One of the challenges is obtaining the 

magnetism existence in graphene monolayer at room temperature because most of the 

experimental studies that had been carried out so far had been achieved at low temperatures. 

Nevertheless, all the mentioned methods have been proven the ability to induce magnetism 

and have a promising application, especially in spintronics, supercapacitors, batteries, and 

memory storage devices. Herein,   this provides insights to improve the magnetism by 

altering the electronic structure to induce magnetic moments in graphene monolayers as well 

as multiple graphene layers. 

 

REFERENCES 

 1. K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M. I. Katsnelson, (2004). Electric field 

effect in atomically thin carbon films. Nat. Mater. 6. DOI: 

https://doi.org/10.1126/science.1102896  

  

2. M. Acik , Y. J. Chabal, (2011). Nature of Graphene Edges: A Review. Japanese Journal of 

Applied Physics. 50, pp.070101. DOI: http://dx.doi.org/10.1143/JJAP.50.070101  

  

3. S. Nigar, Z. Zhou, H. Wang and M. Imtiaz, (2017). Modulating the electronic and magnetic 

properties. Royal society of chemistry. 137. DOI: https://doi.org/10.1016/j.physe.2021.115079 

   

4. B. D. Cullity, C. D. Graham.( 2009) Introduction to magnetic materials., 2nd ed. (J. Wiley & 

Sons Inc). 

  

5. H. González-Herrero, J. M. Gómez-Rodríguez, P. Mallet et al, (2016). Atomic-scale control of 

graphene magnetism by using hydrogen atoms,Science.352, pp.437-441. DOI: 

http://dx.doi.org/10.1126/science.aad8038 

   

6. S. Nigar, Z. Zhou, H. Wang and M. Imtiaz, (2017). Modulating the electronic and magnetic 

properties. Royal society of chemistry. 7, pp. 51546-51580. DOI: 

http://dx.doi.org/10.1126/science.aad8038  

  

7. L. R. Piquer, E. C. Sañudo, (2015). Heterometallic 3d–4f single-molecule magnets. Dalton 

Transactions. 44, pp. 8771-8780. DOI: https://doi.org/10.1039/C5DT00549C 

   

8. Sepioni, M. (2013) Magnetic properties of graphene. Ph.D. thesis, The University of 

Manchester, United Kingdom.  

https://doi.org/10.1126/science.1102896
http://dx.doi.org/10.1143/JJAP.50.070101
https://doi.org/10.1016/j.physe.2021.115079
http://dx.doi.org/10.1126/science.aad8038
http://dx.doi.org/10.1126/science.aad8038
https://doi.org/10.1039/C5DT00549C


H. N. S. Peiris, W. W. P. De Silva/ Sri Lankan Journal of Physics, Vol. 23 (1) (2022) 46-62      60 

9. M. Alimohammadian & B.Sohrabi, (2020 ). Manipulating electronic structure of graphene for 

producing ferromagnetic graphene particles by Leidenfrost efect-based method,Scientific 

Reports.10. DOI: https://doi.org/10.1038/s41598-020-63478-7 

   

10. T. Eelbo, M. Was´niowska, P. Thakur, M. Gyamfi, B. Sachs, T. O. Wehling et al., (2013). 

Adatoms and Clusters of 3d Transition Metals on Graphene:Electronic and Magnetic 

Configurations. Physical review letters. 110, pp.136804. DOI: 

http://dx.doi.org/10.1103/PhysRevLett.110.136804  

  

11. Z. Jannah, R. Asih,R. Arifin, Darminto, (2021).  Study of Electronic and Magnetic Properties 

of Single Layered Graphene with Vacancy and (-OH) Adsorption by Density Functional Theory 

Calculation. Journal of Physics: Conference Series.1951, p. 012011.  

  

12. Kevin T. Chan, J. B. N. a. M. L. C., (2008). First-principles study of metal adatom adsorption 

on graphene. The Amerian Physics society. 77. DOI: 

https://doi.org/10.1103/PhysRevB.77.235430  

  

13. Y. Tang, H. Zhang, Z. Shen, M. Zhao,Y. Lib, (2017). The electronic and diffusion properties of 

metal adatoms on graphene sheets: a first-principles. RSC advances. 7,pp. 33208-33218 . DOI: 

https://doi.org/10.1039/C7RA04519K  

  

14. T. Eelbo, M. Wa´sniowska, M. Gyamfi, S. Forti,U. Starke, and R. Wiesendanger, (2013). 

Influence of the degree of decoupling of graphene on the properties of transition metal adatoms. 

Physical Review B. 87, pp. 205443. DOI: https://doi.org/10.1103/PhysRevB.87.205443  

  

15. M. Gyamfi, T. Eelbo, M. Wasniowska, and R. Wiesendanger, (2011). Fe adatoms on 

graphene/Ru(0001): Adsorption site and local electronic properties. Physical Review B. 84, 

pp.113403. DOI: https://doi.org/10.1103/PhysRevB.84.113403  

   

16. W. Hu, C. Wang, H. Tan , H. Duan , G. Li , N. Li , Q. Ji , Y. Lu , Y. Wang , Z. Sun , F. Hu, W. 

Yan, (2021). Embedding atomic cobalt into graphene lattices to activate room-temperature 

ferromagnetism. Nature communications. 12, pp.1-8. DOI:  https://doi.org/10.1038/s41467-

021-22122-2  

  

17. B. P. Paudel, N. Pantha, and N. P. Adhikari, (2015). First-principles Study of Electronic and 

Magnetic Properties of Manganese Decorated Graphene. Journal of Nepal Physical Society. 3, 

pp. 24—34. DOI: https://doi.org/10.3126/jnphyssoc.v3i1.14439 

   

18. Zhou, Q. X., Fu, Z. B., Wang, C. Y., Yang, X., Yuan, L., & Tang, Y. J. (2015) In Key 

Engineering Materials (Trans Tech Publications Ltd.). Vol. 645, p. 40-44. 

  

19. Oleg V. Yazyev and L. Helm, (2007). Defect-induced magnetism in graphene. Physical Review 

B. 75, pp. 125408. DOI: https://doi.org/10.1103/PhysRevB.75.125408  

  

20. Antonov, Vladislav and Borisova, Dobrina and Proykova,Ana Proykova, (2013). Vacancy 

spatial distribution causes different magnetism in graphene. International Journal of Quantum 

Chemistry. 113, pp.792-796. DOI: https://doi.org/10.1002/qua.24078  

  

21. Z. Jannah, R. Asih,R. Arifin, Darminto, (2021).  Study of Electronic and Magnetic Properties 

of Single Layered Graphene with Vacancy and (-OH) Adsorption by Density Functional Theory 

Calculation. Journal of Physics: Conference Series.1951, p. 012011. 

  

https://doi.org/10.1038/s41598-020-63478-7
http://dx.doi.org/10.1103/PhysRevLett.110.136804
https://doi.org/10.1103/PhysRevB.77.235430
https://doi.org/10.1039/C7RA04519K
https://doi.org/10.1103/PhysRevB.87.205443
https://doi.org/10.1103/PhysRevB.84.113403
https://doi.org/10.1038/s41467-021-22122-2
https://doi.org/10.1038/s41467-021-22122-2
https://doi.org/10.3126/jnphyssoc.v3i1.14439
https://doi.org/10.1103/PhysRevB.75.125408
https://doi.org/10.1002/qua.24078


H. N. S. Peiris, W. W. P. De Silva/ Sri Lankan Journal of Physics, Vol. 23 (1) (2022) 46-62      61 

22. M. M. Ugeda, I. Brihuega, F. Guinea, and J. M. Gómez-Rodríguez, (2010). Missing Atom as a 

Source of Carbon Magnetism. American Physical Society. 104, p.096804. DOI: 

https://doi.org/10.1103/PhysRevLett.104.096804   

  

23. X.Q. Dai, J.H. Zhao, M.H. Xie, Y.N. Tang, Y.H. Li and B. Zhao, (2011). First-principle study 

of magnetism induced by vacancies. The European Physical Journal B. 80,pp.343-349. DOI: 

https://doi.org/10.1140/epjb/e2011-10955-x  

  

24. R. Faccio and Alvaro W Mombru, (2012). Magnetism in multivacancy graphene. Journal of 

Physics: Condensed Matter. 24, pp.375304. DOI: http://dx.doi.org/10.1088/0953-

8984/24/37/375304  

  

25. M. M. Ugeda, I. Brihuega, F. Hiebel, P. Mallet, J. Veuillen, (2012). Electronic and structural 

characterization of divacancies in irradiated graphene. Physical Review B. 85, pp.121402. DOI: 

https://doi.org/10.1103/PhysRevB.85.121402  

   

26. K. Kumar, R. Thakur, M. Sharma, A. Singh (2017) A First Principle Study of Structural and 

Electronic Properties of Graphene Monolayer with Vacancies, AIP Conference Proceedings. 

1832, p.050139. DOI: https://doi.org/10.1063/1.4980372 

   

27. V. Antonov, D. Borisova, A. Proykova, (2013). Vacancy Spatial Distribution Causes Different 

Magnetism. International Journal of Quantum Chemistry. 113, pp.792-796. DOI:  

https://doi.org/10.1002/qua.24078  

  

28. W. Zhou, M. D. Kapetanakis, M. P. Prange, S. T. Pantelides, et al., (2012). Direct Determination 

of the Chemical Bonding of Individual Impurities in Graphene. Physical review letters. 109, 

pp.206803. DOI: https://doi.org/10.1103/physrevlett.109.206803  

  

29. Y. Tang , Z. Yang, X. Dai, (2011). Trapping of metal atoms in the defects on graphene. The 

Journal of chemical physics. 135, p.224704. DOI: https://doi.org/10.1063/1.3666849  

  

30. M. M. Septya, R. Asih, (2021). Electronic and magnetic properties of single vacancy graphene 

with hydrogen adsorptions analyzed using density functional theory method. Journal of Physics: 

Conference Series. 1951, pp.012012. DOI:  https://doi.org/10.1088/1742-6596/1951/1/012012  

  

31. Huan Wang , Yu Zhou , Di Wu , Lei Liao , Shuli Zhao , Hailin Peng , and Zhongfan Liu, (2013). 

Synthesis of Boron-Doped Graphene Monolayers Using the sole solid feedstock by chemical 

vapor deposition. Small. 9, pp.1316-1320. DOI: https://doi.org/10.1002/smll.201203021  

  

32. J. Tuček,P. Błoński,Z. Sofer,P. Šimek,M. Petr,M. Pumera, et al., (2016). Sulfur Doping Induces 

Strong Ferromagnetic Ordering in Graphene: Effect of Concentration and Substitution 

Mechanism. Advanced Materials. 28, pp.5045-5053. DOI:  

https://doi.org/10.1002/adma.201600939  

  

33. Serraon, A. C. F. et al., (2021). Alkaline earth atom doping-induced changes in the electronic 

and magnetic properties of graphene: a density functional theory study. RSC Adv. 11,pp.6268-

6283. DOI:  https://doi.org/10.1039/D0RA08115A  

  

34. J. Xu, W. Zhang, C. Wei, J. Huang, Z. Maoa and G. Yua, (2016). Magnetism of N-doped 

graphene nanoribbons with zigzag edges from bottom-up fabrication. RSC advances. 6, 

pp.10017-10023. DOI: https://doi.org/10.1039/C5RA26075B  

  

https://doi.org/10.1103/PhysRevLett.104.096804
https://doi.org/10.1140/epjb/e2011-10955-x
http://dx.doi.org/10.1088/0953-8984/24/37/375304
http://dx.doi.org/10.1088/0953-8984/24/37/375304
https://doi.org/10.1103/PhysRevB.85.121402
https://doi.org/10.1063/1.4980372
https://onlinelibrary.wiley.com/journal/1097461x
https://doi.org/10.1002/qua.24078
https://doi.org/10.1103/physrevlett.109.206803
https://doi.org/10.1063/1.3666849
https://doi.org/10.1088/1742-6596/1951/1/012012
https://doi.org/10.1002/smll.201203021
https://doi.org/10.1002/adma.201600939
https://doi.org/10.1039/D0RA08115A
https://doi.org/10.1039/C5RA26075B


H. N. S. Peiris, W. W. P. De Silva/ Sri Lankan Journal of Physics, Vol. 23 (1) (2022) 46-62      62 

35. Q. Tang, Z. Zhou and Z. Chen, (2013). Graphene-related nanomaterials: tuning properties by 

functionalization. Nanoscale. 5, pp.4541-4583. DOI:  https://doi.org/10.1039/C3NR33218G 

  

36. X. Li, X. Wang, L. Zhang, S. Lee, H. Dai, (2008). Chemically derived, ultrasmooth graphene 

nanoribbon semiconductors. Science. 319, pp.1229-1232. DOI: 

https://doi.org/10.1126/science.1150878 

  

37. Melinda Y. Han, Barbaros Özyilmaz, Yuanbo Zhang, and Philip Kim, (2007). Energy Band-

Gap Engineering of Graphene Nanoribbons. Physical review letters. 98, pp.206805. DOI:  

https://doi.org/10.1103/PhysRevLett.98.206805  

  

38. J. Kunstmann, Cem Ozdougan, A. Quandt, H. Fehske, (2011). Stability of edge states and edge 

magnetism in graphene nanoribbons. Physical Review B. 83, pp.045414. DOI: 

https://doi.org/10.1103/PhysRevB.83.045414  

  

39. Blackwell, R.E., Zhao, F., Brooks, E. et al., (2021). Spin splitting of dopant edge state in 

magnetic zigzag graphene nanoribbons. Nature. 600, pp.647–652. DOI:  

https://doi.org/10.1038/s41586-021-04201-y  

  

40. L. Xie,X. Wang, J. Lu,Z. Ni,Z. Luo,H. Mao, (2011). Room temperature ferromagnetism in 

partially hydrogenated epitaxial graphene. Applied Physics Letters. 98, pp.193113. DOI: 

https://doi.org/10.1063/1.3589970   

  

41. M. Wu, X. Wu, Y. Pei & X. C. Zeng, (2010). Inorganic nanoribbons with unpassivated zigzag 

edges: Half metallicity and edge reconstruction. Nano Research. 4, pp.233-239. DOI: 

https://doi.org/10.1007/s12274-010-0074-9 

   

42. B. Sanyal, O. Eriksson, U. Jansson, and H. Grennberg, (2009). Molecular adsorption in 

graphene with divacancy defects. Physical Review B. 79, pp.113409. DOI:  

https://doi.org/10.1103/PhysRevB.79.113409  

 

https://doi.org/10.1039/C3NR33218G
https://doi.org/10.1126/science.1150878
https://doi.org/10.1103/PhysRevLett.98.206805
https://doi.org/10.1103/PhysRevB.83.045414
https://doi.org/10.1038/s41586-021-04201-y
https://doi.org/10.1063/1.3589970
https://doi.org/10.1007/s12274-010-0074-9
https://doi.org/10.1103/PhysRevB.79.113409

	SLJP-Volume-23-2022-issue1-Article1.pdf (p.1-15)
	SLJP-Volume-23-2022-issue1-Article2.pdf (p.16-25)
	SLJP-Volume-23-2022-issue1-Article3.pdf (p.26-35)
	SLJP-Volume-23-2022-issue1-Article4.pdf (p.36-45)
	SLJP-Volume-23-2022-issue1-Article5.pdf (p.46-62)



