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a b s t r a c t

First-principles study for the electronic and magnetic properties of Cr atom doping in lower layer of AB
bernal stacked bilayer graphene (BLG) is presented. This doping is analysed in three different configu-
rations; (i) Hollow type (above the centre of C hexagon), (ii) Top-type (directly on the top of any C atom)
and (iii) Bridge type (mid point of any CeC bond). It has been observed that the doping of Cr atom
enlarges the interlayer spacing in BLG as compared to pure one. The Top-type (T-type) doping is found to
be most stable energetically. The doping of Cr atom in all configurations generates the large spin po-
larization and induces the appreciable magnetic moment. Half metallicity has been obtained in Hollow
type (H-type) doping with a suitable band gap of 0.28 eV in minority spin channel. The origin of
magnetism has been identified via interactions of 3d-states of doped Cr atom with p-states of inequi-
valent C atoms present in the vicinity of doping site. The electron densities plots also confirm the metallic
nature of Cr-doped BLG. Our results reveal that the resultant BLG has potential for futuristic applications
such as high frequency transistors, spintronics, photodetectors and energy resources.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Graphene, a two-dimensional (2D) honeycombmonolayer sheet
was isolated for the first time from graphite in 2004. During last
decade, it has attracted immense research attentions due to its
amazing electronic, magnetic and transport properties [1,2] e.g.
anamalous quantized Hall effect [3,4], ultra-high mobility, carrier
density controllable by external means [5], ballistic transport at
room temperature and high elasticity [6]. An intrinsic graphene
possesses zero band gap as its valance and conduction bands touch
at the Dirac point [7], creating an obstruction for its use in nano-
electronic devices. As a result, tuning or opening of its band gap
becomes crucial for technological applications of graphene. Several
strategies are presently being pursed to tune band gap of graphene
monolayer both theoretically and experimentally such as surface
adsorption, defects created by irradiating high energy electrons or
ions [8], rotating carbon atoms at specific angles to form stone
wales type defects [9e11], patterning bilayer or even multilayer
@kuk.ac.in (M.K. Kashyap).
graphene, utilizing grapheneesubstrate interaction [12], applying
an external electric field to bilayer graphene [13,14] etc. Generally,
local magnetic moments [15] and long-range magnetic coupling
[16,17] are considered to be liable for observed high temperature
magnetism in carbon based nanomaterials [18].

Bilayer graphene (BLG) typically can be found in three config-
urations viz. (i) twisted ones, where the two layers are rotated
relative to each other, (ii) graphitic Bernal stacked (AB stacking)
where half the atoms in one layer lie atop of half the atoms in other
and (iii) identical stacked (AA stacking) with all the atom of one
layer lie atop of all atoms in other layer [19]. Stacking order and
orientation govern the optical and electronic properties of bilayer
graphene. Experimentally, few layer graphene films were synthe-
sized by exfoliation and cleavage methods [20,21]. BLG is gapless
semimetal [22,23] with a linear Dirac type dispersion around the
Fermi energy (EF) [24] just similar to single layer graphene (SLG).
Ohta et al. [25] synthesized the bilayer graphene thin film depos-
ited on insulating silicon carbide and reported their electronic band
structure using angle-resolved photoemission spectroscopy.
Although, BLG has many comparable physical properties as that of
SLG but there still exists small differences. In BLG, low energy
excitation is one of the characteristics of massive chiral fermions
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unlike Dirac fermions in SLG [1,2]. In addition, small low energy gap
in BLG can be tuned easily by breaking the symmetry between
layers [26]. Low electrical noise in BLG provides exciting frontiers in
low-noise applications [27]. Bilayer graphene displays the anoma-
lous quantum Hall effect and excitonic condensation [28] which
make it a promising candidate for optoelectronic and nano-
electronic applications. Due to these exotic properties, BLG have
received a lot of attentions from researchers in fundamental
nanoscience, microelectonics and spintronics.

In contrast to SLG, vacancies, adatom defects, edge effects,
chemical and substitutional doping can magnetize BLG. Theoreti-
cally, Mao et al. [29] investigated Mn doping in BLG and found a
high spin polarized state suitable for spintronic applications. The
electronic and magnetic properties of an adatom (Na, Cu or Fe) on
bilayer graphene were studied by Nafday and Dasgupta [30]. They
found the stable magnetism via Cu and Fe adsorption and weak
magnetism by Na adsorption. Gong et al. [31] found that interca-
lation of C and N atoms in BLG induces magnetization but O-
intercalated BLG is non-magnetic. Intrinsic defects, including Stone
Wales defects and atom vacancy (H and T vacancy) were studied by
Li et al. [32]. Fujimoto and Saito [33] investigated energetics and
electronic structure of B- and N-doped BLG with AA as well as AB
stacking patterns using ab-initio first principles calculations. They
found that B- and N-doped BLG in AB stacking exhibit p-type and n-
type semiconducting properties, respectively.

To the best of our knowledge, the case of single Cr-doping in BLG
has not been considered till date. However the similar case of Mn-
doping is reported [29] in which magnetism is generated to sig-
nificant amount. This motivated us to carry out first principles
calculations to study the electronic and magnetic properties of BLG
doped with Cr atom in lower layer. All possible configurations of
this doping i.e. (i) Hollow (H-type) (ii) Top (T-type) and (iii) Bridge
(B-type) are planned to be considered for this work. The other aim
of present investigation is to explore the changes observed in spin
electronic and magnetic properties of BLG by single Cr-doping in all
possible configurations. Furthermore, it has been shown that Cr
doped magnetic/superconducting materials show a huge potential
for the photo induced nonlinear optics recently [34,35]. This jus-
tifies the importance of studying Cr-doping in BLG for nonlinear
optics as well.

2. Theoretical details

We consider only BLG with AB (bernal) stacking [36,37] for the
present calculations. AA stacking is avoided due to unfavoured en-
ergetics [19]. We have introduced three types of doping of Cr atom in
lower layer of BLG i.e. H type (above the centre of hexagon of C
atoms), T-type (directly on the top of any C atom), B-type (mid point
of any CeC bond). The (4� 4 � 1) super cells have been constructed
to dope Cr atom in all studied configurations. A vacuum layer of 20Å
thickness in the z-direction is inserted to avoid the interlayer inter-
action due to periodic boundary conditions. For structural relaxation,
we have carried out all calculations using density functional theory
[38] (DFT) approach as implemented in Vienna Ab-initio Simulation
Package (VASP) [39,40]. The generalized gradient approximation
(GGA) under PerdeweBurkeeErnzerhof (PBE) [41] parametrization
was used to construct exchange-correlation (XC) potentials. The core
electron interaction was described using projected augmented wave
(PAW) method. The cut off energy for plane waves was set to be
610 eV. A 9 � 9 � 1 Monkhorst-Pack grid was used for the sampling
of the Brillouin zone during geometrical optimization. Conjugate
gradient (CG) algorithm [42] was selected to relax present systems.
All the internal coordinates were allowed to be relaxed until calcu-
lated Hellmann Feymann force on each atom became smaller than
0.02 eV Ǻ�1.
After relaxation, final electronic structure calculations were
performed using the full-potential linearized augmented plane-
wave (FPLAPW) [43] method within GGA as implemented in
WIEN2k package [44]. In FPLAPW calculations, the core states were
treated fully relativistically whereas for the valence states, a scalar
relativistic approach was used. The radii of Muffin-Tin (MT) sphere
(RMT) for various atoms were taken in the present calculations such
as to ensure the nearly touching sphere. The plane wave cut off
parameters were decided by Rmtkmax ¼ 7 (where kmax is the largest
wave vector of the basis set) and Gmax ¼ 12 a.u.�1 for fourier
expansion of potential in the interstitial region. Additionally,
valence electronic wavefunctions inside the MT sphere were
expanded upto lmax ¼ 10. The k-space integration was carried out
using the modified tetrahedron method [45] with a k-mesh of
11 � 11 � 1 for self-consistency.

3. Result and discussion

As a first step, the 4� 4� 1 supercell was chosen to simulate the
relaxed structures for (i) Hollow (H-type) (ii) Top (T-type) and (iii)
Bridge (B-type) doping of Cr atom in pristine BLG. The top and side
views of these dopings along with pristine BLG are depicted in
Figs. 1 and 2, respectively. The distance between upper and lower
layers of graphene in relaxed structure after doping increases in the
order.

T-type > B-type > H-type

The ground state energies of relaxed structures as calculated by
VASP are also found in the same order as shown in Table 1. The
relaxed lattice parameters for pure and doped BLG along with
various bond lengths between Cr atom and various C atoms are also
depicted in Table 1. To confirm, the structure stability in each
configuration, the ground state energies for these were calculated
once again using FPLAPWmethod as incorporated in WIEN2k. This
method also predicts the same order of structural stability as that of
VASP i.e. T-type doping in BLG is most favourable energetically
stable. Concentrating on common bond in three configurations, we
found that bond length for CreC1 comes out to be minimum in T-
type doping confirming the strongest covalent bond among all. On
relaxation, the pristine BLG has common CeC bond lengths of
1.420 Å in both layers. Further even on doping of any type, the CeC
bond length (1.420 Å) after relaxation in upper layer remains pre-
served. However in lower layer, the C ring containing doping gets
distorted and deviates from its regular hexagonal shape. Now all
the CeC bond lengths appear to be different (Fig. 3). The various
CeCr bond lengths are mentioned in Fig. 3/Table 1.

Fig. 4 manifests the calculated spin-resolved total density of
states (DOS) of pure and doped BLG. Pure BLG manifests the sym-
metrical DOS in both spin channels and this property just re-
sembles with SLG [46]. On doping in BLG, Cr atom plays a
significant role to tune the Fermi level (EF). In H-type configuration,
asymmetrical DOS among majority and minority spin channels
(MAC and MIC) in the vicinity of EF leads to transition from semi-
metallic to half metallic state of BLG. An appreciable band gap of
0.28 eV has been observed in this system for MIC. Opening up of
band gap in one spin channel increases the potential of doped
graphene in spin transport. The similar tuning of band gap in
semimetallic BLG-BN heterostructures was reported by Ramasu-
bramaniam [47]. He pointed out that these heterostructures could
provide a viable route to graphene based electronic devices. Thus
we can claim that H-type Cr-doped BLG may be a good candidate
for graphene based spintronics.

In T-type and B-type, there is asymmetrical DOS present among
both channels in the vicinity of EF which shifts BLG inmetallic state.



Fig. 2. Side view of all studied nanosystems; (a) pure BLG, (b) H-type, (c) T-type and
(d) B-type, Cr-doping in lower layer of BLG.

J. Thakur et al. / Journal of Alloys and Compounds 649 (2015) 1300e13051302
There exists some theoretical evidences [29,31,32] supporting our
predictions which manifests the similar transition of BLG on
doping. The spin-polarization P of a material [48e50] can be
calculated by,

P ¼ N[ðEFÞ � NYðEFÞ
N[ðEFÞ þ NYðEFÞ

(1)

whereN[(EF) and NY(EF) are the spin dependent density of states of
majority ([) and minority (Y) spin electrons at the EF, respectively.

The maximumvalue of spin polarization (100%) was observed in
H-type, suggesting a promising way for transporting spin polarized
currents in spin based quantum information devices [51e53]
within BLG. The other two types of doping in BLG viz. T-type and
B-type also possess spin polarizations of 78.3% and 63.0%, respec-
tively (Table 2), which are also appreciable for spin transport.

To have a better understanding of contribution of individual
atom for various energy bands in doped BLG, partial spin resolved
density of states (PDOS) is depicted in Fig. 5. In H-type doped BLG,
we have noticed that 3d states of doped Cr atom have a pivot role in
generation of DOS in the vicinity of EF. Not only Cr atom, but also
nearest neighbour C atoms to Cr atom are responsible for shifting of
the DOS near the EF in both MAC and MIC. The C atoms away from
doping site (Cfar) represent almost identical DOS in the vicinity of
EF, confirming that they have no role to decide any spin conduction.
Similar explanation may be given for explaining DOS of T-type and
B-type doping.

Pure BLG possess zero magnetic moment. But on doping of Cr
atom in BLG, many C atoms become non-equivalent. The Cr atom
and non-equivalent C atoms with spin polarized DOS induce the
magnetic moment on BLG as shown in Table 2. We have found the
magnetic moments of 1.99 mB, 1.23 mB and 1.10 mB for doped gra-
phene in H-type, T-type and B-type configurations, respectively.
The maximum magnetic moment in H type doping is the conse-
quence of 100% spin polarized DOS at EF as the magnetic moment is
Fig. 1. Top view of all studied nanosystems; (a) pure BLG, (b) H-ty
proportional to the difference of DOS in two spin channels. The
other two types of doping (i.e. T-type and B-type) possess lower
spin polarizations as the difference between majority and minority
spin DOS is not as significant as in case of H-type. This leads to
lower value of magnetic moments in these cases.

The other C atoms, which are away from doped site do not
possess significant magnetic moments. However, some magnetic
moment is found to be distributed evenly in the interstitial regions
among C atoms, which is also the case for Cu doped transitionmetal
dichaclogenides; MoS2 single layer. This indicates that themagnetic
moment distributed over the interstitial regions should also have
significant contribution and cannot be ignored [54].
pe, (c) T-type and (d) B-type, Cr-doping in lower layer of BLG.



Table 1
Calculated relaxed lattice parameters, bond lengths between doped Cr atom and its nearest C atoms, and layer spacing of doped system.

Bilayer doping configuration Lattice parameters (Ǻ) Bond length (Ǻ) Spacing (Ǻ) Ground state energy (eV) (WIEN2k) Ground state energy (eV) (VASP)

Hollow (H-type) a ¼ b ¼ 9.77
c ¼ 19.28

CreC1 ¼ 1.777
CreC3 ¼ 1.601
CreC5 ¼ 1.395

3.356 �94,833.26 �93,456.37

Top (T-type) a ¼ b ¼ 9.77
c ¼ 19.93

CreC1 ¼ 1.679
CreC2 ¼ 1.882
CreC6 ¼ 1.336

3.861 �94,866.13 �93,478.62

Bridge (B-type) a ¼ b ¼ 9.77
c ¼ 19.64

CreC1 ¼ 1.733
CreC2 ¼ 1.535

3.803 �94,847.59 �93,465.96

Fig. 3. Relaxed bond lengths (Ǻ) for (a) H-type, (b) T-type and (c) B-type, Cr-doping in lower layer of BLG.

Fig. 4. Calculated spin-resolved total density of states (DOS) of pure BLG, H-type, T-
type and B-type, on Cr-doping.
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In order to cross verify the metallic response, the spin depen-
dent valence electronic densities have been analysed for all type of
dopings in Fig. 6. It is evident that pure BLG is covalently hybridized
with electronic charge, equally shared between p-orbitals of two
adjacent atoms in two spin channels. However, the picture be-
comes different on doping. Now in H-type doping (Fig. 6(b)), the
bonding of Cr atomwith 3 alternate C atoms of hexagon (shown in
Fig. 3(a)) in lower layer of BLG results the charge sharing in a wider
area. But Cr atoms have mainly majority electrons which lead to
spin polarization at EF and thus semiconducting behaviour for mi-
nority spin observed. On the other hand, the doped Cr atom is
linked with 3/2 adjacent C atoms of lower layer in (i) T-type/(ii)B-
type configurations (Fig. 6(c) and (d)). The charge sharing is not
Table 2
Spin resolved density of states of majority ([) and minority (Y) spin electrons at EF,
spin polarizations (P), electronic band gaps (Eg), metallic states and total magnetic
moments of pure and doped BLG.

Bilayer graphene N[(EF) NY(EF) P (%) Eg (eV) State Mtot (mB)

Pure 0.00 0.00 e e Semi-metallic 0.00
H-type 6.16 0.00 100.0 0.28 Half-metallic 1.99
T-type 9.98 1.21 78.3 e Metallic 1.23
B-type 5.24 1.15 63.0 e Metallic 1.10



Fig. 5. Partial density of states (PDOS) of Cr-doped graphene in H-type, T-Type and B-type configurations.

Fig. 6. Spin polarized valence electron charge densities, n(r) in a plane perpendicular to both graphene layers in case of pure BLG and for plane containing doped Cr-atom and both
graphene layers in case of Cr-doped BLG in units of e/a.u.3.
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only limited to lower layer but also gets extended in upper layer as
well. Due to interactions of Cr atomwith C atoms of both layers, the
total electronic charge get dispersed over EF and its vicinity which
leads the resultant nanomaterial in complete metallic state.

4. Conclusions

The electronic andmagnetic properties of Cr doped BLG in lower
layer within three types of configurations (H-, T- and B-type) have
been studied using density functional theory (DFT) approach. The
PAW method within VASP and FPLAPW method within WIEN2k
were tested to verify the stability of Cr-doping in BLG in these
configurations. Both approaches predict that the T-type doping in
BLG is highest stable among others. On Cr doping, the electronic
properties and magnetic response of BLG get modified drastically.
The zero band gap of BLG gets closed and significant magnetic
moment starts appearing on Cr-doping. The magnetic moment is
mainly contributed by doped Cr atom with appreciable contribu-
tions from nearby C atoms as well. Valence electronic density
analysis demonstrates that the charge transfer from doped Cr atom
to C atom of BLG results in shifting of DOS at EF and leads to a
transition from semimetallic to half-metallic or metallic state. A
complete spin polarization in H-type and appreciable 78.3%/63.0%
spin polarization in T-type/B-type configurations makes resultant
BLG most probable nanomaterial for the development of nanoscale
devices for spintronic applications, spin filters and injector devices.
Moreover, the potential of Cr-doping [34,35] in BLG for nonlinear
optical response cannot be ignored and has to be explored
definitely.
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