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ABSTRACT

Graphene, an interesting 2D system has a rare electronic structure of two inverted Dirac cones touching at a
single point, with great electron mobility and promising microelectronics applications. In the present article, a
theoretical investigation has been performed on the structural, electronic and magnetic properties of pristine
graphene nanosheet and also the effect of 3d transition metal (TM) co-doped in graphene nanosheet within the
density functional theory framework. 3d TM is categorized into two groups: Cr- group (Cr-Cr, Cr-Mn, and Cr-
Fe) and Ni-group (Ni-Cr, Ni-Ti, Ni-Mn). After co-doping TM atoms on graphene, it still holds its planar shape
which refers to the stability of these co-doped graphene nanosheets. This is also confirmed by the increasing
bond length of carbon and TM atoms on graphene nanosheets. Highest zero-point energies have been found of -
12049.24eV and -10936.87¢eV respectively for Cr-Cr and Ni-Cr co-doped graphene nanosheet. According to
Mulliken’s charge and electron density differences, all the TM atoms can act as electron donors while the
graphene nanosheet is electron acceptor. All the TMs co-doped graphene nanosheet show metallic behavior in
terms of band structures and DOS plots except Ti-Ni which has shown a little band gap. In terms of electronic
properties, Cr-Cr and Ni-Cr co-doped graphene nanosheets are found most stable among the other studied
systems and they can exhibit magnetic behavior as there is a variation in their up and down spin as shown in
spin polarized DOS. That’s why they are beneficial to the application of various magnetic devices as well as
sectors. Besides Cr-group co-doped graphene nanosheet can exhibit better magnetic properties than Ni-group.

Keywords: Graphene, Nanosheet, Co-doped, DFT Calculations, Transition metal, and Magnetic properties.

INTRODUCTION:

For the past decades, graphene which is a one-atom-
thick planar sheet of sp® hybridized carbon atoms
closely packed in a honeycomb lattice structure, has
caught significant consideration to be utilized as a cut-
ting edge electronic material. This is possible because
of its remarkable properties including great current
density, chemical inertness, optical transmission, huge
thermal conductivity, ballistic transport and marvelous
hydrophobicity at nano scale range (Geim et al., 2008),
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(Chen et al., 2008). Micro-mechanical cleavage was
the method used for first graphene extraction from
graphite and this method permitted simple fabrication
of first-rate graphene crystallites and further prompted
tremendous experimental activities (Clintock, 2012).

Fundamentally graphene is a huge aromatic macro-
molecule with no band gap and it can absorbs electro-
magnetic energy homogeneously over the electro-
magnetic spectrum, from infrared through visible to
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ultraviolet (Avouris, 2010). As a whole, great surface
area renders to improve its reactivity. Again, since
graphene has plentiful surface area for reactions to
occur, it is likewise of attention in aspects of medicine,
biology and bioengineering for the reason it is suitable
for a biologically well-suited electrode and drug deli-
very material (Vanesa et al., 2012).

Both theoretical (Chen et al., 1997; Menon et al.,
2000) and experimental (Binns et al., 1996; Nagao et
al., 1998) investigations have been done to understand
the behavior of TM atoms when it interacted with
graphite or a graphene. These investigations demon-
strate that carbon’ sp, orbitals hybridize intensely with
the ‘d’ orbitals of the TM atoms. Half-metallic systems
have been found by the interaction process of magnetic
atoms with nanotubes that are of interest for nano-
magnets and spintronics devices (Alphenaar et al.,
2001). The great moments of Fe and Co doped struc-
tures and the half metallic behavior for specific single-
atom Co doped structures could be suitable for mag-
netic device and spintronics functions (Yagi et al.,
2004). It has also investigated that doping of the edges
of the similar graphene nanoribbon with various atoms,
from s-type to d-type transition metals; we can achieve
numerous electronic and magnetic properties. In fact,
different dopants doped the similar ribbon which can
be insulator, semiconductor, metal, ferro-magnetic and
anti ferromagnetic. Doping in 3d transi-tion metals can
be supplied systems with FM or AF circumstances at
the edges. Doping of the edge with little densities of Fe
or Mn can cause in half-metallic or half-semiconductor
ribbon. Consequently, graphene nanoribbons give an
extensive range of promising electronic and magnetic
phenomenon like similar ribbon structure but various
dopant TM atoms (Pathi-ranage, 2021; Gorjizadeh et
al., 2008).

In our investigation, the structural, electronic and
magnetic properties of pristine graphene and 3d
transition metal co-doped graphene nanosheet have
been studied. In this article, focus has been made on
the co-doping of 3d TM atoms onto graphene
nanosheet. We have investigated how these co-doped
transition metals (Cr-Cr, Cr-Mn, Cr-Fe, Ni-Ti, Ni-Cr,
Ni-Fe) impact different physical properties of 2D
graphene nanosheet.
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Computational Details

In this study, we perform spin-polarized ab initio cal-
culations using the Cambridge Serial Total Energy
(CASTEP) code (Segall et al., 2002) within the frame-
work of density functional theory (Rajagopal et al.,
1973; Kohn & Sham, 1965). In this code, the Kohn—
Sham equations are solved and the wave functions of
valence electrons are expanded in a basis set of plane
waves with kinetic energy smaller than specified cut-
off energy, E.,. A nonlocal ultra-soft pseudo-potential
of the Vanderbilt-type represents the presence of
tightly-bound core electrons and also described the
electron-ion interaction. The exchange -correlation
potential is treated within the Perdew-Burke-Ernzerhof,
(1996) version of the generalized gradient approxi-
mation (PBE-GGA) (Perdew et al., 1996). A super cell
contained 56 carbon (C) atoms is considered as the
basic model for calculation which is a plane graphene
nanosheet. Here 1x3x 2 Monkhorst-Pack grid (Monk-
horst & Pack, 1976) in the Brillouin zone of the unit
cell was employed for the geometry optimization so
that it can generate an even grid of k-points along the
three axes in reciprocal space. We use PBE gradient
corrected functional and ultra soft pseudo potentials
with plane-wave kinetic energy cutoff energies of 310
eV. Graphene nanosheet is built of perfect geometry
with an initial C-C distance of 1.42 A. Geometry
optimization has been performed for all investigating
nanosheets with the Broyden-Fletcher Goldfarb-Shan-
no (BFGS) minimization technique, with the flowing
ambit for converged structures: energy change per
atom less than 1x10%eV, residual force less than 0.03
eV/ A, stress below 0.05 GPa and the displacement of
atoms during the geometry optimization less than
0.001 A.

In the TM co-doped graphene nanosheets, for efficient
comparison, every time we have replaced the C20 and
C30 atom of the pristine nanosheet by the targeted
TMs. Thus, different structural, electronic and magne-
tic properties of the 3d TM co-doped graphene nano-
sheets were compared and investigated by the pro-
cesses discussed above.

RESULTS AND DISCUSSION:

For better understanding, we have divided our study of
3d TM co-doped graphene nanosheet into two groups
in this section. They are Cr co-doped (Cr-Cr, Cr-Mn,
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Cr-Fe) group and Ni co-doped (Ni-Ti, Ni-Cr, Ni -Fe)
group. Here 3d TMs are Ti, Cr, Mn, Fe, Ni.

Effect of Cr-3d TM co-doping in Graphene Nano-
sheet

Structural Properties

When a substance is doped by any hetero element its
structural properties are changed radically which
leaves impact to the geometric and structural pro-
perties of the mother substance. Thus structural sta-
bility analysis is an important observation when a
material is doped by other hetero elements. In this
investigation, it is noticed that optimized pristine grap-
hene and Cr-Cr, Cr-Mn, Cr-Fe co-doped graphene
nanosheets are perfect planer. Besides, in co-doped
structures, bond lengths are distorted around the TM

Optimized structure

a. Pristine graphene

Optimized structure

b. Cr-Cr co-doped graphene nanosheet

Optimized structure

¢. Cr-Mn co-doped graphene nanosheet
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atoms. In the pristine graphene nanosheet, every time
we have replaced C20 by Cr atom and C30 is by Cr,
Mn and Fe atoms respectively. Here, C20 can be
considered as TM1 position and the position of C30 is
TM2. The charge transfer is the transference of
fractional electronic charge between the complex sys-
tem which creates an electrostatic attraction in the
complex system or molecule. This electrostatic attar-
ction is the root of forming stabilizing force in a
complex system and the portion which transfer charge
is recognized as electron donor and the receiving
entities is known as electron acceptor. The charge
transfer occurs due to the difference in the electron
density of the constituents of a system i.e. some have
excess of electrons and some have lack of electrons.
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Optimized structure

d. Cr-Fe co-doped graphene nanosheet

Electron density difference

Fig 1: Optimized structure and electron density difference of pristine and Cr-Cr, Cr-Mn, Cr-Fe co-doped
graphene nanosheet.

For that reason, charge transfer investigation is a very
crucial study for realizing the stability and various
structural phenomenon of a nanostructure (Rad et al.,
2016; Rad, 2016; Wegner et al., 2008). We have in-
vestigated Mulliken charge distribution using the same
level of theory for all the optimized pristine and Cr
group co-doped graphene nanosheet and the value of
Mulliken charge transfer between the donors and
acceptors are tabulated in Table 1.

Table 1: Data of Mulliken charge transfer for pristine
graphene (PG), Cr-Cr, Cr-Mn and Cr-Fe co-doped
graphene nanosheet.

Cé 0 -0.29 -0.30 -0.30
C17 0 -0.30 -0.29 -0.30
C21 0 -0.30 -0.29 -0.30
C31 0 -0.30 -0.22 -0.33
C35 0 -0.30 -0.22 -0.33
C44 0 -0.29 -0.22 -0.33
T™M1 - 1.70 1.78 1.69
T™M2 - 1.70 1.34 1.80

It is noticed that there is a creation of donor and
acceptor within the nanosheet and it is possible as it
depends on the electro negativity of the constituents’
atoms of the graphene nanosheet. The TMs are acted
as electron donor; in our optimized Cr-TM co-doped
graphene nanosheet the charges are positive for doped
transition metals. Again in Fig 1 each of the 16 colors
represents a specific range of the charge density. Here
electron enrichment is indicated in blue, white indi-
cates regions with very little change in the electron
density and red infers electron depletion. This change
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of charge transfer modifies stability, reactivity, band
gap etc. of the studied pristine graphene nanosheet
which makes it a favorable candidate for diverse app-
lications. Bond lengths and atomic distances in the
nanosheet are directly dependent on the charge dis-
tribution of the system. Bond lengths between the ato-
ms are investigated by using the same theory and they
are tabulated in Table 2.

From Table 2, it is clear that in pristine graphene C-C
distance is constant though the nanosheet which is 1.42
A. As the atomic radii of the TMs far greater than C
atoms in the pristine grap-hene nanosheet, the bond
lengths between the C atoms and TMs are increased.
This indicates that TMs are well adsorbed in graphene
nanosheet. Again the bond length analysis of the co-
doped graphene nanosheet shows similar trend for the
causes already mentioned in the charge distribution
analysis sections. Lattice constants refer to the physical
dimension of the unit cells in a crystal lattice and it is
an indicator for the measurement of the structural
compatibility between different materials. Here, in this
study, it is that every investigating
nanosheets have same lattice constant (a=17.04,
b=7.38, c= 16) and same bond angles (a=p=y=900).
The zero point energies (ZPE) of the pristine and Cr-
Cr, Cr-Mn, Cr-Fe co-doped grap-hene nanosheet are
respectively -7441.01eV, -12049. 24eV -10272.48eV
and - 10447.82eV.

observed

From the values zero point energies (ZPE), it can be
said that among the Cr-group co-doped structures, Cr-
Cr co-doped graphene nanosheet show better stability
than others.
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Table 2: Bond lengths in angstrom (A) for pristine
graphene (PG), Cr-Cr, Cr-Mn and Cr-Fe co-doped
graphene nanosheet.

C-C(PG) 1.42 1.42 1.42
TM1-C6 1.69 1.68 1.71
TM1-C17 1.71 1.67 1.69
TM1-C21 1.69 1.67 1.69
TM2-C31 1.69 1.66 1.66
TM2-C35 169 1.66 1.66
TM2-C44 1.71 1.66 1.67

Electronic properties

In solid-state physics, the band structure of a solid
defines the span of energies that an electron within the
solid may have which is called allowed energy bands
and spans of energy that it may not have which is
called band gaps or forbidden bands. Generally, there
are three types of energy bands which are empty, fil-
led, mixed or forbidden bands. The energetic levels are
occupied by the electrons beginning with the lowest
energy value level.

—— Down spin

Energy (eV)
m

K points

Pristine graphene

Energy(eV)

K-points

Cr-Mn co-doped

The electrons that engaged to the electrical conduction
occupy the higher energy bands. The valence band
relates to the highest energy band that holds electrons.
The valence band can be completely or partial filled.
The permitted states in the valence band add role to the
electric current. The conduction band is the lowermost
energetic band with unoccupied states. In materials,
the conducting bands of empty, filled or allowed states
can intervene with the forbidden bands and this is
termed as band gap. Band gap refers to the energy
change between the bottom point of the conduction
band and the uppermost point of the valence band. The
width of the band gap defines the category of material:
insulator, semiconductor, metal. Any semiconductor
either has a direct or an indirect band gap. Direct band
gap can be described by having the band edges aligned
in k, so that there is a smooth transfer from the lowest
state of valence band to the uppermost state of
conduction band, with the emission of a photon,
without fluctuating noticeably the momentum.
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Fig 2: Band structures for pristine and Cr-Cr, Cr-Mn, Cr-Fe co-doped graphene nanosheet.
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Conversely, in the indirect band gap the band edges are
not aligned so the electron doesn't transfer exactly to
the conduction band. In this method both a photon and
a phonon are engaged. Band structures have been
pictured in Fig 2 for pristine and Cr-group co-doped
graphene nanosheet. For pristine graphene (Fig 2), the
valence band maxima (VBM) and conduction band
minima (CBM) creates a cone which makes it a zero
band gap (B.G) material and this cone is popularly
known as Dirac cones. This unique character makes
graphene more eye-catching for numerous appli-
cations. But when we doped TM pairs in the pristine
graphene (PG), then we have surprisingly noticed that
valence band overlapped the conduction band and they
shows metallic nature for Cr-Cr, Cr-Mn, Cr-Fe co-
doped graphene nanosheet. This fluctuation in the band
signifies the faster transport of the photoelectrons and
makes graphene useful in optical device. Also from all
the co-doped nanosheets, it is found that they are all
direct materials. Density of states (DOS) of a system is
the number of different states at a particular energy
level that are allowed to be occupied by electrons.
Analysis of DOS plots is very common in materials
science researches. Molecular DOS plots indicate the

—— Up spin
Down spin

Pristine graphene

Energy (eV)

(a)

occupancy of the electrons in different orbitals. Dif-
ferent properties especially electric and magnetic pro-
perties can be inferred from DOS plots (Rad ef al,
2016; Kittel, 2010; Harwood et al., 1998). To know the
bonding mechanism among the atoms, we have further
studied the DOS for all the doped structures. A com-
parison of total DOS plot among the pristine and TM

co-doped graphene nanosheet are depicted in Fig 3.
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Fig 3: DOS of for pristine and Cr-Cr, Cr-Mn, Cr-
Fe co-doped graphene nanosheet.
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Fig 4: Spin polarized Density of states (DOS) of (a) pristine and Cr group co-doped graphene nanosheet and (b)
pristine and Ni group co-doped graphene nanosheet.

In Fig 3, all the peak of the co-doped nanosheets
shifted to the left from the Fermi level and in the
conduction band peak amplitude decreases from Cr-Fe
to Cr-Cr co-doped graphene nanosheet. Thus it is
connected with the atomic radius of these doped atom
and the valence d orbital electron which is ascending
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from Cr to Fe. We have further noticed that the
valence band overlap the Fermi level and that’s why
no band gap has been found from the DOS structures.
This is a reaffirmation of our study as similar pattern
have been found in the band structures.
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Magnetic properties

For better understanding of the magnetic properties,
we have calculated the spin polarized density of states
for the investigating nanosheets and they are depicted
in Fig 4. The ideal graphene is diamagnetic and for
that reason no variation has been observed in the up
and down of the spin polarized DOS. Theoretical
(Yazyev & Helm, 2007) and experimental ( Nair et al.,
2012), (Ugeda et al., 2010) studied have shown that
defects lead to increasing of magnetic moment of
graphene. However, due to presence of defects, gra-
phene show interacting magnetic moments and that’s
why we have seen variation between up and down spin
in the Cr-Cr, Cr-Mn and Cr-Fe co-doped graphene
nanosheet in Fig 4(a). These changes are related to
increase of the unpaired electrons as doped TMs have
unpaired d electrons. It is prominent for Cr-Cr co-
doped graphene nanosheet at Fermi level which is set
to zero as Cr has more unpaired d electrons as com-
pared to the other TM atoms (Mn and Fe).

Effect of Ni-3d TM co-doping in Graphene Nano-
sheet

Structural Properties

The optimized structures of Ni-Ti, Ni-Cr, Ni-Fe co-
doped graphene nanosheets and their electron density
difference are shown in Fig 5. We have noticed that
optimized pristine graphene and Ni-Ti, Ni-Cr, Ni -Fe
co-doped graphene nanosheets are perfect planer but in
co-doped structures, bond lengths again found dis-
torted around the TM atoms. Mulliken charge dis-
tribution has been calculated with the help of the same
level of theory for the optimized pristine and Ni group
co-doped graphene nanosheet. The data of Mul-liken
charge transfer between the donors and acceptors are
tabulated in Table 3.

Table 3: Mulliken charge transfer on pristine grap-
hene (PG), Ni-Ti, Ni-Cr and Ni- Fe co-doped grap-
hene nanosheet.

Co6 0 -0.39 -0.30 -0.34
C17 0 -0.39 -0.30 -0.34
Cc21 0 -0.39 -0.30 -0.34
C31 0 -0.32 -0.32 -0.32
C35 0 -0.32 -0.32 -0.32
C44 0 -0.32 -0.32 -0.33
TMI1 - 218 1.69 1.80
TM2 - 1.72 1.71 1.71
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In graphene sheet, every time we have replaced C30 by
Ni atom and C20 is by Ti, Cr, and Fe atoms res-
pectively. Here the position of C20 is considered as
TM1 the position of C30 is TM2. For the Ni group co-
doped graphene nanosheet, C atoms show negative
charges and TMs show positive charges which means
that C atoms act as acceptors and TMs are donors.

As bond lengths and atomic distances in the nanosheet
are directly reliant on the charge circulation of the
entire system. All of the bond lengths and atomic
distances for the Ni group co-doped graphene nano-
sheet are tabulated in Table 4. The zero point energies
(ZPE) of the pristine and Ni-Ti, Ni-Cr, and Ni-Fe co-
doped graphene nanosheet are respectively -7441.
0leV, -10069.20eV,-10936.87eV and -9334.-85eV.
From the values zero point energies (ZPE), it can be
said that Ni-Cr co-doped graphene nanosheet is more
stable as compared to other structures in this group.

Electronic properties

Band structures and total DOS spectra of pristine and
Ni-group co-doped graphene nanosheet are presented
in Fig 6. Here pristine graphene has no band gap but
when we have doped TMs pair in the pristine grap-
hene, then we have amazingly observed that valence
band overlapped the conduction band and they shows
metallic nature with a slight variation in Ni-Ti doped
graphene (B.G: 0.075 eV). This is quite negligible as it
is too small to exhibit any specific property. As the
valence electrons of the doped atom increases, they
shifted right from the Fermi level as we have depicted
in Fig 6(e). Also at the Fermi level, peak intensity in-
creases as we go from Ni-Ti to Ni-Fe co-doped gra-
phene as the atomic radius also increases respectively.
In the conduction band, we have noticed a huge vari-
ations in the doped structures in comparison to the
pristine graphene and again the valence band overlain
the Er which validate our present study. Cr-Cr & Ni-Cr
co-doped graphene nanosheet exhibit magnetic beha-
vior which is suitable for magnetic device application.

Magnetic properties

Spin polarized density of states have in depicted in Fig
4(b) for Ni-group co-doped graphene nanosheet for the
analysis of magnetic properties. As graphene does not
show variation in their up and down spin but for TM
co doping, we have found some variations.
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We have observed that Ni-Cr co-doped graphene
nanosheet exhibit better magnetic properties as it has
shown more variation between up and down spin in the
spin polarized density of states (DOS).

Optimized structure

a. Ni-Ti co-doped graphene nanosheet

Optimized structure

b. Ni-Cr co-doped graphene nanosheet

Optimized structure

c¢. Ni-Fe co-doped graphene nanosheet

This is very much favorable for their applications in
various magnetic devices.

Sicel

Electron density difference

Shcel

- 2000e1
-~ 1,000e1
- 0.000

- -1,000e1
- 2.000e-1

Electron density difference

Sicel

- 200061
- 1.00081
- 0000

- 1.000e-1
- 2,000

Electron density difference

Fig 5: Optimized structure and electron density difference of Ni-Ti, Ni-Cr, Ni-Fe graphene nanosheet.

CONCLUSION:

In this article, we have theoretically investigated the
structural, electronic and magnetic properties of pris-
tine graphene and 3d transition metal co-doped grap-
hene nanosheet by using DFT framework. We have
also analyzed the effect of TM co-doping in graphene
nanosheet. From structural property, we have analyzed
the Mulliken charge transfer, bond lengths, electron
density difference and zero point energy for pristine
graphene and 3d transition metal co-doped graphene
nanosheet. From the zero point energy, we can say
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that Cr-Cr and Ni-Cr doped graphene are more stable
than other Cr- and Ni- co-doped structures. The zero
point energies for Cr-Cr and Ni-Cr co-doped graphene
are respectively - 12049.24eV and -10936.87eV. Band
structure of TMs co-doped graphene nanosheet reveals
metallic behaviors for all the co-doped structure
except Ti-Ni which has shown a little band gap. Spin
polarized Density of states (DOS) of Cr and Ni group
indicate that Cr group co-doped graphene nanosheet
show better magnetic properties.
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Fig 6: Band structures (a-d) and total DOS spectra (e) for pristine and Ni-Ti, Ni-Cr, Ni -Fe co doped graphene
nanosheet.
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