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In this paper, we calculate the structural, electronic, magnetic and optical parameters of MnO, (x = 0-4),
cluster-sandwiched bilayer graphene (Gr) systems, utilizing first-principles calculations with van der
Waals corrections implemented with density functional theory (DFT). Charge transfer is observed from
the graphene layers to the MnO, clusters, thus producing a hole doping phenomenon in the graphene
layers. The MnO, clusters’ electronegative nature greatly modifies the electronic structure of bilayer
graphene. It is observed that the MnO, clusters’ incorporation in bilayer graphene converts zero band
gap semimetal bilayer graphene to a half metallic or dilute magnetic semiconducting material.
Interestingly, the Gr/MnOs/Gr complex structure displays indirect band gap semiconductor behavior for
both spin channels, and has a ~20 meV band gap value. The band gap during spin up and spin down
band channels increases as the size of MnO, is increased in between the graphene layers. Through spin
density diagrams, it is revealed that the MnO, clusters’ incorporation in the graphene layers converts
nonmagnetic bilayer graphene to a magnetic substrate. The obtained magnetic moments for Gr/Mn/Gr,
Gr/MnO/Gr, Gr/MnO,/Gr, Gr/MnOz/Gr and Gr/MnO,4/Gr, sandwiched bilayer graphene systems were
found to be 3.53 ug, 3.03 ug, 2.46 up, 1.03 ug and 0.00 ug, respectively. Through density of states (DOS)
plots, it is inferred that the d orbitals of the Mn atoms are mainly responsible for the generation of
magnetic moments in the given bilayer graphene systems. The optical parameters, specifically
absorption, reflectivity and refractive coefficients, were obtained for all given systems. The absorption
spectrum of bilayer graphene is improved in the visible range when MnO, clusters are sandwiched
between the graphene layers. It is revealed that MnO, clusters’ incorporation in bilayer graphene
improves these optical parameters in the low lying energy region. The results obtained during this study
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1. Introduction

Two dimensional (2D) monatomic graphene synthesized in
2004 * with impressive electrical, electronic and thermal prop-
erties,” has acquired lots of attention from the research
community throughout the last decade. The linear dispersion
relation near the Fermi energy (Er) level makes graphene charge
carriers act like massless Dirac fermions.® It has been widely
established that graphene-based magnetic substrates are more
stable and efficient than traditional transition metal based
magnets.” Hence, 2D graphene materials have prospective
applications for spintronic devices. Magnetism in graphene can
be induced through intrinsic defects,® doping nonmetal®>'® as
well as transition metal impurities."*** However, the graphene
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charge carriers’ mobility is reduced when individual impurities
are added in its lattice, subjecting it to stronger interactions
between the doped impurities and constituent carbon (C) atoms
of graphene.’ Ideal doping impurities can be those which not
only produce stable structures but also maintain the intrinsic
behavior of graphene. Superhalogens can be regarded as ideal
dopants, since these clusters possess higher electronegativity,
with electron affinity values exceeding those of the halogen
atoms.'®"” Attributed to their strong oxidation nature and high
electronegativity,”® 3d metal tri and tetraoxide superhalogen
complex-based doped graphene,”*® h-BN layer® and MoS,
layer* structures present higher stability compared to that of
individual TM atom doped graphene, h-BN and MoS, mono-
layer structures. Recently, multilayered graphene structures
have also attracted lots of interest, due to the possibility of
producing a well-defined band gap by breaking the symmetry
between constituent graphene layers.>*** Different techniques
such as external electrical field applications,**** and molecular
doping in bilayer graphene,””*® have been adopted to produce
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a well-defined band gap in the bilayer graphene structures. In
addition, some experimental studies have also been carried out
on the intercalation of FeCl; clusters in graphite and few layer
graphene (FLG) systems.?**

As mentioned earlier, substituting tri and tetraoxide super-
halogen clusters in monolayer graphene produces stable
structures. Keeping this in mind we extend this concept by
incorporating MnO, clusters in a bilayer graphene system.
These MnO,, clusters were sandwiched in between two graphene
layers. Recently, X. Zhang et al.** performed first-principles
calculations on MnF;y) cluster-sandwiched bilayer graphene
systems. The authors reported that these structures display
ferromagnetic behavior and that the MnF;(y clusters greatly
improve the electronic properties of the bilayer graphene
systems without affecting the intrinsic nature of graphene.
Since these systems are based on only magnetic superhalogen
clusters, in this work we provide a detailed study on individual
the Mn atom and different MnO, cluster (i.e. MnO, MnO,,
MnOj3;, MnO,) sandwiched bilayer graphene systems. The MnO,
clusters’ substitution in bilayer graphene serves two purposes,
(i) these clusters significantly modify the electronic and
magnetic parameters, attributed to the hole doping phenom-
enon induced in both graphene layers by the MnO, clusters, (ii)
weaker interaction between the MnO, clusters and graphene
layers maintain the intrinsic behavior of graphene. These Gr/
MnO,/Gr structures can be regarded as being suitable for
spintronic devices such as spin field-effect transistors (FET) or
vertical (FET) devices.

Since, MnO, cluster substitution in bilayer graphene
modifies its electronic structure, it also modifies the inter-
band and intraband transitions, which in turn can alter the
optical parameters. Hence, in addition to the electronic and
magnetic parameters, we also investigated the optical prop-
erties — specifically the absorption coefficient, reflectivity and
refractive coefficient of MnO, cluster-incorporated bilayer
graphene systems. The optical parameters of monolayer gra-
phene and h-BN systems have been widely investigated.**~*
However, no complete account for the optical parameters of
bilayer graphene systems is available. Hence, this study
provides a substantial contribution towards tuning the optical
parameters of bilayer graphene systems through incorpora-
tion of foreign clusters.

This work presents the structural, electronic, magnetic and
optical parameters of MnO, cluster-sandwiched bilayer gra-
phene systems through first-principles DFT calculations. This
paper is arranged as follows; computational details are
produced in Section 2, the obtained results and their general
discussion are elaborated in Section 3 and this work is finally
concluded in Section 4. It can be presumed that the structural,
electronic, magnetic and optical characteristics of such
a system has not been defined comprehensively. The results
provided in this paper can provide a new approach for tuning
the above-mentioned properties, in order to make multilayered
graphene systems which are applicable for nanoelectronic and
spintronic devices, distinctive to single layered graphene
systems.

This journal is © The Royal Society of Chemistry 2018
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2. Computational details

First-principles calculations based on DFT were utilized to
investigate the structural, electronic, magnetic and optical
parameters of MnO, cluster-sandwiched bilayer graphene
systems using the generalized-gradient approximation (GGA)
implemented in the Vienna Ab-initio simulation package
(VASP).***” VASP adopts projector augmented wave (PAW)
potentials®® with the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional®. All the calculations were performed in
spin-polarized mode. The Grimme (DFT-D2)* method was
employed for van der Waals (vdW) corrections due to its
appropriate account of long-range vdW interactions.*™* A
500 eV cutoff energy was applied for the wave function to be
expanded in plane waves. A 4 x 4 bilayer graphene supercell
was adopted in which a vacuum layer thickness of 20 A in the Z-
direction was added to remove the interference between
neighboring layers. A 9 x 9 x 1 I'-centered k-point mesh for
Brillouin zone (BZ) sampling was employed to achieve good
convergence parameters. Hellmann-Feynman forces of less
than 0.01 ev A™* and a total change in energy of less than
10~° eV were selected for the geometry optimization process.
The Gaussian smearing method was utilized to avoid the
problems related to partial occupancies. To remove the inac-
curacies generated from electrostatic potential, atomic forces
and the total energy caused by periodic boundary conditions,
the dipole correction technique was also adopted.**

3. Results and discussion

3.1 Structural and magnetic properties of MnO,. cluster-
sandwiched bilayer graphene

Bilayer graphene structures were incorporated with an indi-
vidual Mn atom and different MnO, (i.e. MnO, MnO,, MnO; and
MnO,) clusters, as described in Fig. 1(a)-(e), respectively. In this
section, the structural and magnetic parameters of these
systems were investigated using the first-principles method.

The bond distances of the C-C atoms, Mn-O atoms and the
distance of the MnO, clusters from both graphene layers is also
shown in Fig. 1(a)-(e), respectively. After performing the
geometry relaxation process on these systems, it is established
that the C atoms lying above and below the MnO, clusters drift
away from the graphene 2D plane, and thus a change in the C-C
atoms’ bond lengths occurs. After incorporation of the MnO,
clusters in bilayer graphene, the distance between the graphene
layers also increases. It is interesting to observe that the 2D
planar structure of both graphene layers is maintained, which
suggests that the intrinsic behavior of the graphene layer will
remain unaltered. From the structures given in Fig. 1(a)-(e), it is
observed that the sandwiched Mn atom of the MnO, cluster
tries to maintain its position just below the C atoms of the
graphene layer. Moreover, these MnO, clusters try to reduce
their distance from a single graphene layer (either the upper or
lower layer) as evident by the bond lengths of Mn-C atoms
described in Fig. 1(a)-(e), respectively.®>**

The total magnetization of MnO, cluster-sandwiched bilayer
graphene supercells, magnetic moments of individual the Mn
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Fig.1 Side view of the atomic structures of MnO, cluster-sandwiched bilayer graphene systems (where, x = 0-4). The small black and red balls
represent the C and O atoms respectively, and the big ball represents the Mn atom.

atom and the average equatorial bond lengths of the Mn-C, Mn-O
and C-C atoms for all the MnO, cluster-sandwiched bilayer gra-
phene systems are presented in Table 1. After MnO, cluster
incorporation in bilayer graphene, the Mn-C bond lengths were in
between 1.93 and 2.1 A, the C-C bond lengths were in the range of
1.44-1.47 A and the obtained variation for the C-C bond lengths
was in between 0.2 and 0.5 A. The obtained total magnetic
moments of different Gr/MnO,/Gr systems listed in Table 1, clearly
indicate that MnO, cluster incorporation into bilayer graphene
significantly improves its ferromagnetic behavior as demonstrated
by the larger magnetic moment values for each given system. Only
the MnO, cluster-sandwiched bilayer graphene carries a 0.00 ug
magnetic moment. This non-magnetic behavior of the Gr/MnO,/
Gr system, can be attributed to quenching of the magnetic
moment of the Mn atom by the four O atoms present around the
Mn atom. The negative magnetic moment of the O atoms nullifies
the magnetic moments of the Mn atoms thus producing a 0.00 ug
net magnetic moment for Gr/MnO,/Gr system.>**®

In order to determine whether the given Gr/MnO,/Gr
systems are thermodynamically stable enough or not, we
calculated the binding energy for each system using the
following expression®* and the obtained binding energies are
presented in Table 1,

Ey = Egprmno,) = (2Egp) + Emno,) 1)
where the terms E(gp,), Emno, and Egpivno,) Tepresent the total
energy of pure monolayer graphene, the total energy of the

Table 1 Total magnetization of the supercell (uior, iIN ug), Magnetic
moments of the individual Mn atom, the binding energies £, (eV) and
bond distances of the MN—C (dun_c, in A), C—C (dc_c in A) and Mn-O
(dmn-o in A) atoms for all MnO, cluster-sandwiched bilayer graphene
systems

HMtoty MmN, dgv[n—C dgc dg\/In—O Eyp
Impurity in ug in ug (A (A) (A) (eV)
Mn 3.53 3.054 1.94 1.44 — 2.52
MnO 3.03 3.026 1.96 1.46 2.01 2.91
MnO, 2.46 2.5 2.1 1.45 1.98 3.08
MnOj; 1.03 1.5 2.01 1.45 1.89 3.85
MnO, 0.00 0.00 1.96 1.47 1.88 4.31

23690 | RSC Adv., 2018, 8, 23688-23697

MnO, clusters and the total energy of the MnO, cluster-
sandwiched bilayer graphene systems, respectively. The ob-
tained binding energies for different cluster-sandwiched bilayer
graphene systems presented in Table 1 clearly indicate that
superhalogen cluster incorporation in bilayer graphene is
thermodynamically favorable as most of the systems contain
positive binding energies. These predictions are consistent with
previous reports.?>*7-*

The obtained total magnetic moments p, and individual Mn
atom magnetic moments uy, provided in Table 1, clearly
demonstrate that incorporation of the MnO, cluster in bilayer
graphene is a suitable way to make it a magnetic material. Only
the MnO, cluster-sandwiched graphene system displays non-
magnetic behavior. To further support our predictions of the
magnetic properties of MnO, cluster-sandwiched bilayer gra-
phene systems, we elaborated on the magnetic coupling nature of
the Gr/Mn/Gr, Gr/MnO/Gr, Gr/MnO,/Gr and Gr/MnO,/Gr bilayer
graphene systems and the resulting diagrams are presented in
Fig. 2(a)-(d), respectively. The Gr/MnO,/Gr system was omitted
due to its 0.00 ug magnetic moment. Fig. 2(a)-(d) describes the
top and side views of the spin densities (o1 — p|) of the different
MnO, cluster-sandwiched bilayer graphene systems.

The spin density diagrams provided in Fig. 2(a)-(d) suggest
that, the sandwiched MnO, clusters induce magnetic moments
on the C atoms of the graphene layer lying above or below the
impurity clusters. A parallel spin polarization direction is ach-
ieved between the MnO, clusters and C atoms of bilayer gra-
phene. Moreover, the unfilled d-orbitals of Mn atoms carry
clockwise spin direction as shown by the yellow isosurface
(0.002 e A~3), for all the given MnO, clusters except for the
MnO; cluster. The direction of spin polarization between Mn
and O atoms was antiparallel for the MnO and MnO, clusters,
while it was parallel for the MnOj cluster as shown in Fig. 2(b)-
(d). From the spin density diagrams it can be further presumed
that despite having weaker interactions between the MnO,
clusters and graphene layers, the distortion in the spin density
observed in both graphene layers was not localized at the
periphery of the MnO, clusters. Rather, the spin density was
distributed on both the graphene layers.?>**°

The charge density differences and charge transfer
phenomena for all MnO, cluster-sandwiched bilayer graphene
systems were investigated through Bader analysis,*** in order

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Top and side views of the spin density diagrams for Gr/Mn/Gr, Gr/MnO/Gr, Gr/MnO,/Gr and Gr/MnOs/Gr cluster-sandwiched bilayer
graphene systems. Positive and negative spin densities are described by yellow and cyan isosurfaces (0.002 e A~3), respectively. The blue color
appearing at the edges is generated due to interference of the neighboring graphene layers.

to further understand the behaviors of MnO, clusters incorpo-
rated in bilayer graphene systems. The charge density differ-
ence can be described by Ap = PMnO,-BL/graphene — PBL/graphene —
Pmno, - Where PMnO,-BL/graphenes PBL/graphene and Pmno, represent
the charge density of the MnO, cluster-sandwiched bilayer
graphene systems, the charge density of the graphene layers
and the charge density of the MnO, clusters respectively. The

resulting charge density difference diagrams for all MnO,
cluster-sandwiched bilayer graphene systems are shown in
Fig. 3(a)-(e). Electron gain and loss configurations are pre-
sented by the yellow (0.0003 e A~%) and cyan (0.0003 e A~?)
isosurfaces, respectively. The charge density difference
diagrams of Gr/Mn/Gr, Gr/MnO/Gr, Gr/MnO,/Gr, Gr/MnO;/Gr
and Gr/MnO,/Gr cluster-sandwiched bilayer graphene systems

Fig.3 Top and side views of charge density difference diagrams for Gr/Mn/Gr, Gr/MnO/Gr, Gr/MnQO,/Gr, Gr/MnO3/Gr and Gr/MnO,4/Gr cluster-
sandwiched bilayer graphene systems. Electron gain and electrons loss configurations are described by yellow and cyan isosurfaces (0.0003 e
A~3), respectively. The blue color appearing at the edges is generated due to interference of the neighboring graphene layers.

This journal is © The Royal Society of Chemistry 2018
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presented in Fig. 3(a)-(e) describe a similar nature of charge
difference between the graphene layers and MnO, clusters. A
charge depletion pattern (i.e. the cyan isosurface 0.0003 e A~%) is
observed around the MnO, clusters, while individual the Mn
and O atoms are filled with yellow isosurface (0.0003 e A~>),
suggesting electron gain behavior of the impurity clusters. This
partial distribution of the cyan and yellow isosurfaces in
between bilayer graphene, as visible in Fig. 3(a)-(e), suggests
that the interaction between graphene layers and the MnO,
clusters is covalent in nature. Moreover, it can be suggested that
the direction of charge transfer is from the graphene layers to
the MnO, clusters. As the bilayer graphene transfers its charge
carriers to the impurity clusters, it can also be presumed that
the hole doping process is initiated in both the graphene layers.
These results are consistent with previously reported
results.>>*°

3.2 Electronic structures of MnO, cluster-sandwiched
bilayer graphene systems

Here, we investigate the electronic structures of MnO, cluster-
sandwiched bilayer graphene systems through first-principles
calculations. Spin polarized band structures and projected
DOS plots are determined for all MnO, cluster-sandwiched
bilayer graphene systems. A thirty K-points grid is adopted
along the path I'-M-K-T in the IBZ in order to obtain the band

View Article Online
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structure diagrams with fine quality. 9 x 9 x 1 I'-centered BZ
sampling is applied for calculating the spin polarized projected
(PDOS) plots for all the Gr/MnO,/Gr sandwiched bilayer gra-
phene systems. A Gaussian width of 0.02 eV was utilized for
smearing the energy eigenvalues.

Spin polarized electronic structures of MnO, cluster-
sandwiched bilayer graphene systems are provided in
Fig. 4(a)-(e). For comparison, the electronic structure of pure
bilayer graphene is also shown in Fig. 4, named ‘pure bilayer
(BL) graphene’. The well recognized quadratic dispersion of
energy near the high symmetric K-points and the straddling of
valence and conduction bands at the Fermi energy level (Eg) is
visible in the electronic structure of bilayer graphene shown in
Fig. 4. The electronic structure of pure bilayer graphene calcu-
lated during this work is in consensus with previous studies.>*>*
Significant change in the electronic structure of bilayer gra-
phene is predicted after MnO,. cluster incorporation. The Dirac
cone appearing at the high symmetric K-point shifts down to the
valence band by ~0.9 eV and ~1 eV during spin up and spin
down channels, respectively for the Gr/Mn/Gr sandwiched
bilayer graphene systems as shown in Fig. 4(a). For the Gr/MnO/
Gr system, the Dirac cone also creeps down to the valence band
by ~0.5 eV and ~0.8 eV during spin up and spin down channels,
respectively. During this, a band gap of ~0.02 eV and ~0.04 eV
appears at the high symmetric K-point during spin up and spin
down channels, respectively as is evident in Fig. 4(b). For the Gt/

3
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Fig. 4 Spin polarized band structures for MnO, cluster-sandwiched bilayer graphene (4 x 4) supercell structures.
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MnO,/Gr system, the Dirac cone shifts into the valence band by
~0.2 eV for both spin up and spin down channels and a band
gap of ~0.03 eV is produced at the high symmetric K-point for
both channels as shown in Fig. 4(c). Interestingly, the Gr/MnOs/
Gr bilayer graphene system displays indirect band gap semi-
conductor behavior for both spin up and spin down band
channels. The band gap achieved during spin up and spin down
band channels for this system was found to be ~1.1 eV and
~0.6 eV as shown in Fig. 4(d). As listed in Table 1, the Gr/MnO,/
Gr bilayer system possesses a 0.00 up magnetic moment; hence
its bands appear at the same energy level without having any
polarization. From Fig. 4(e), it can be maintained that Gr/MnO,/
Gr exhibits half metallic properties as some impurity states are
observed at the (Eg) level. The obtained band gap values for
different Gr/MnO,/Gr bilayer graphene systems have to be
considered carefully, since the DFT method slightly underesti-
mates the electronic band gap. Results provided in Fig. 4 are
consistent with previous reports.’>*”

We also investigated the spin polarized total and projected
PDOS plots for all the Gr/MnO,/Gr cluster-sandwiched bilayer
graphene systems, in order to determine the origins of the
magnetic moments and the electronic hybridization between
the MnO, clusters and graphene layers. The TDOS and PDOS on
the d orbitals of the Mn atom, the p orbitals of the O atoms and
the orbitals of the C atoms of the graphene layers were

View Article Online
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calculated and are presented in Fig. 5(a)-(e), respectively. In
these plots, the Er level is described by a solid grey line drawn at
0 eV energy in the respective PDOS plots. It is assumed that
some surface states will be induced by the MnO, clusters in
between the valence and conduction bands, as can be observed
in Fig. 5(a)-(e). When covalent bonding occurs between the
graphene layers and MnO, clusters, it produces a robust
hybridization which, in turn, induces some surface states at the
Er level. As the Gr/Mn/Gr, Gr/MnO/Gr, Gr/MnO,/Gr, Gr/MnQO3/
Gr and Gr/MnO,/Gr cluster-sandwiched bilayer graphene
systems carried 3.53 ug, 3.03 ug, 2.46 ug, 1.03 up and 0.00 ug
magnetic moments, respectively, the C and O atom p orbitals and
Mn atom d orbitals of the Gr/MnO,/Gr structures which contain
finite magnetic moments, displayed spin polarization. Only the
Gr/MnO,/Gr cluster-sandwiched bilayer graphene system does not
contain any spin polarization in its orbitals since it possesses
a 0.00 magnetic moment. The above statements can be verified
through the PDOS plots presented in Fig. 5(a)—(e). The PDOS plots
of Fig. 5(a)-(e) support the prediction that the magnetic moments
of the MnO, cluster-sandwiched bilayer graphene systems are
induced by five different orbitals (d,y, d,z, d, dy, and d,=_,2) of the
Mn atom. For all the MnO, cluster-sandwiched bilayer graphene
systems, the d, d,, and d,=_,» orbitals of the Mn atoms do not
hybridize with the O atom p orbitals, while the d,,, and d,, orbitals
of the Mn atom produce soft hybridization with the O atom p

Total DOS ——

(b)

Total DOS ——

(©

Total DOS —
Cp) —(~— ]

8
6 C(s) —1 6
4+ C(p) S 4
2W g 2

0

g g 15 ]
2.8 . . . : . : £ .8 . , T . . : g 8 . . . . . .
g g“ — | 2 (:l“ — | 2 ((jl“
2 I \ v, 1o 1} 2 1% 1t vz R
1,2 i dz — d,2
= a-spin \ :]I |8 o s, —— = a-spin d
> d.2 Az \///3)/\&»\ d.z2 = o\ A
X2y ¢ o . \ / iyl
Qfﬁfi\g_r e e SRS 0&'\’4\' : — — Oraé&‘:i._;- —*é?ﬁ'—sﬂf—
W VIS 0 N
B-spin \ | ~\/\ B-spin B-spin /
-1 d V 1 -aF - ; 4 af . .
Mn-doped Mn MnO-doped | Mn MnO,-doped | Mn
L L L I L h I | 1 I h L L 1 | h
-4 -3 -2 -1 0 1 2 3 4 3 -2 -1 0 1 2 3 -4 -3 -2 -1 0 1 2 3
Energy [eV] Energy [eV]

Total DOS
C(p)
O(p)

DOS [states/eV]

'
T
=]
-~
o
|

=9

]
n
a

Energy [eV]

DOS [states/eV]

[ MnO,-doped
L 1 1 | 1 L

-4 -3 -2 -1 0 1 2 3
Energy [eV]

Fig.5 Totaland projected DOS plots for Gr/MnO,/Gr cluster-sandwiched bilayer graphene systems. The solid grey line appearing at 0 eV energy

level depicts the Fermi energy level.
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orbitals as described in Fig. 5(a)—(e). These plots further support
the predictions that the opening of the band gap at a high
symmetric K-point occurs at different energy levels during both
the spin up and spin down band channels as is evident in
Fig. 4(a)—-(e) as well. From the electronic structure and PDOS plots
it can be concluded that 2D magnetic substrates can be synthe-
sized by incorporating superhalogen MnO, clusters in bilayer
graphene systems.

3.3 Optical properties of MnO, cluster-sandwiched bilayer
graphene

Finally, we determine the effects of MnO, cluster incorporation
on the optical characteristics of bilayer graphene through the
Random Phase Approximation (RPA)* approach implemented
in DFT. Local field effects are not included, while interband
transitions are considered in this technique, hence some inac-
curacies can be observed in the dielectric constant parameter in
the lower energy range. For the optical parameters calculations,
we adopted 11 x 11 x 1 I'-centered BZ sampling, thus our ob-
tained optical parameters contain some distortions in their
profiles. If the number of K-points is increased, the profile can
easily be smoothed, but a lack of available computational power
limited our K-point mesh to smaller values.

Optical parameters, specifically absorption coefficient ‘o,
reflectivity ‘R’, refraction index ‘n’ and extinction coefficient ‘&’
were calculated during this study. These parameters can easily
be extracted from the dielectric constant values. The summa-
tion of real and imaginary parts i.e. ¢ = ¢’ + i¢” together provides
the dielectric constant parameter. The imaginary dielectric
tensor can be determined through the summation of empty
states as provided in the following expression,

" 4r?e? 1
saﬂ(w) = IILI(I)E;ZQ)I( 6(EC/( — Evk — (J))

Q g
(2)

here, the a and § indices are the Cartesian components, e, and
eg represent the unit vectors along the three directions, ¢ and v
correspond to the conduction and valence bands, respectively.
The respective energy of the conduction and valence bands are

X <uck+eﬁq‘uvk> <uck+eﬁq } Uy >
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denoted by E.; and E,; and the u.; term depicts the cell periodic
part of the orbital at the k-point K.

Using the Kramers-Kronig transformation, the real dielec-
tric tensor can be obtained as

=1+2PJdew’ (3)

!
€ ap(w) T )y w?r—w+in

here, P defines the principle value. The aforementioned tech-
nique is extensively elaborated on in ref. 59.

Through these dielectric tensor values, the absorption coef-
ficient ‘o’, reflectivity ‘R’, refraction index ‘n’ and extinction
coefficient ‘k’ can easily be determined. This is explained in
detail in ref. 33.

The refractive index ‘n’ and extinction coefficient ‘&’ plots for
the pure and MnO, cluster-sandwiched bilayer graphene systems
are presented in Fig. 6(a) and (b). These plots are generated in
a single plot to demonstrate the comparison between the pure and
MnO, cluster-sandwiched bilayer graphene systems. The static
refraction ‘#’ and extinction ‘k’ (i.e. the ‘n’ and ‘k’ values observed
at 0 eV energy) values were found to be 2.7 and 0 for pure bilayer
graphene. When MnO, clusters were sandwiched in bilayer gra-
phene, the static refraction values were increased but the static
extinction coefficient value remained same, as shown in Fig. 6(a)
and (b). The static refractive index values for Gr/Mn/Gr, Gr/MnO/
Gr, Gr/MnO,/Gr, Gr/MnO;/Gr and Gr/MnO,/Gr cluster-
sandwiched bilayer graphene systems were found to be 4.8,
4.75, 5.01, 6.5 and 3.6 respectively, as shown in Fig. 6(a).

Furthermore, the first extinction peak intensity for pure
bilayer graphene is observed at 2 eV with a peak intensity of 2.4
as shown in Fig. 6(b), but this peak is shifted to lower energy
values after MnO, cluster incorporation in bilayer graphene.
This indicates a red shift in the extinction coefficient of bilayer
graphene. The value of first extinction peak maintains its
intensity in the range of 1.8-2.8 and in energy interval of 0-
1.7 eV, depending upon the type of MnO, cluster-sandwiched in
between bilayer graphene as evident in Fig. 6(b).°>** Since the
extinction coefficient is also linked to the absorption coefficient
parameter, the red shift produced in the extinction coefficient
will reflect a red shift in the absorption coefficient as well, and
this is also demonstrated in the upcoming section.

3 T T T T T
®) BL graphene
25 Mn-doped —
MnO-doped ——
2 MnO,-doped 3
MnOs-doped
MnO4-doped —-

Extinction Coefficient (k)
&

0.5 {i

Energy [eV]

(a) Refractive index ‘n" and (b) extinction coefficient 'k’ values of pure and different Gr/MnQO,/Gr cluster-sandwiched bilayer graphene
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Fig. 7(a) demonstrates the absorption coefficient ‘o’ param-
eter of pure and different MnO, cluster-sandwiched bilayer
graphene systems. The pure bilayer graphene absorption coef-
ficient, shown in navy, depicts a value of zero in between the
0 and 1 eV energy interval as shown in Fig. 7(a). The absorption
coefficient was described in the energy range of a 0-12 eV energy
interval, in order to determine the modification in the absorp-
tion spectrum in the visible range. The first main absorption
peak induced by low energy @ — 7* transitions is observed at
~4 eV energy with ~5000 peak intensity. After MnO, cluster
incorporation, the absorption spectrum of bilayer graphene
starts to increase in value from 0 eV energy, indicating a rise in
the absorption coefficient in the lower energy range. As
observed with the extinction coefficient, a red shift in the
absorption coefficient quantity is also observed, as shown in
Fig. 7(a). Moreover, the first minimum peak observed at ~4 eV
energy reduces in intensity when MnO,, clusters are sandwiched
in bilayer graphene. It is worth noting that the absorption
coefficient quantity also increases in value in the 6-11 eV energy
range after the incorporation of MnO, clusters in bilayer gra-
phene as shown in Fig. 7(a). It can be concluded that the
incorporation of MnO, clusters significantly improves the
absorption coefficient of bilayer graphene in the visible range of
the spectrum.®>%

Similarly, the reflectivity parameters of pure and different
MnO, cluster-sandwiched bilayer graphene systems are pre-
sented in Fig. 7(b). The static reflectivity of pure bilayer gra-
phene is found to be 0.2, while MnO, cluster incorporation
increases this parameter to 0.41, 0.4, 0.44, 0.6 and 0.31 for Gr/
Mn/Gr, Gr/MnO/Gr, Gr/MnO,/Gr, Gr/MnO;/Gr and Gr/MnO,/
Gr cluster-sandwiched bilayer graphene systems, respectively.
Overall, it is observed that the static reflectivity is improved
while the reflectivity parameter decreases in value over a higher
energy range as demonstrated in Fig. 7(b).***

4. Conclusion

Different Gr/MnO,/Gr cluster-sandwiched bilayer graphene
systems were examined by first-principles DFT calculations. The
high electronegative nature of the MnO, clusters supports the
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stability of bilayer graphene as shown by the calculated binding
energies. Spin densities of Gr/MnO,/Gr cluster-sandwiched
systems suggest that the electron rich nature of MnO, clusters
induces positive spin electrons into the graphene layers and
significant magnetic behavior can be expected from these
complex structures. Even with weaker electronic interactions
between C and MnO;, clusters, stronger magnetic coupling can
be achieved for the MnO, sandwiched systems. The obtained
magnetic moments for Gr/Mn/Gr, Gr/MnO/Gr, Gt/MnO,/Gr, Gr/
MnO;/Gr and Gr/MnO,/Gr complexes were found to be 3.53 ug,
3.03 ug, 2.46 ug, 1.03 ug and 0.00 up respectively. The direction
of charge transfer is from bilayer graphene to the MnO, clus-
ters, thus inducing a hole doping process in bilayer graphene.

Through spin polarized electronic structures, it is revealed
that the MnO, clusters’ incorporation greatly modifies the band
structure of graphene; firstly by moving the Dirac cone up/down
the Er level along with inducing a finite band gap at the high
symmetric K-point. Interestingly, Gr/MnO;/Gr sandwiched
bilayer graphene depicts an indirect band gap semiconducting
property with a band gap of ~1.1 eV and ~0.6 €V during spin up
and spin down band channels, respectively. The obtained PDOS
plots further reveal that the sandwiched systems with finite
magnetic moments display orbital polarization, along with
a finite band gap at different energy levels during spin up and
spin down bands for given systems. Moreover, it is predicted
that five different orbitals (i.e. d,y, dy,, d2, d,; and d,=_2) of the
Mn atom are mainly responsible for the induction of magnetic
moments in bilayer graphene. This spin-polarized electronic
behavior of the Gr/MnO,/Gr sandwiched systems suggests that
the given systems can be utilized for spintronic device
applications.

The optical parameters of MnO, cluster-sandwiched bilayer
graphene systems reveal that, the static ‘n’ and ‘R’ parameters of
MnO, sandwiched systems attain larger values in comparison to
the static ‘w’ and ‘R’ parameters of pure bilayer graphene.
Similarly, the ‘o’ and ‘k’ parameters of the MnO, sandwiched
systems demonstrate a red shift and these two parameters are
improved in the visible range. A combination of the electronic,
magnetic and optical parameters of MnO, cluster-sandwiched
bilayer graphene systems revealed that these Gr/MnO,/Gr

RSC Adv., 2018, 8, 23688-23697 | 23695
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cluster-sandwiched structures display significant potential for
applications in novel spintronic and optoelectronic device
applications, which are distinctive to pure bilayer graphene
structures.
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