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a b s t r a c t

Graphene/MoS2 heterostructure (G/MS-H) has distinctive and superlative electronic properties as it
contains features of both graphene and MoS2. Our first-principles calculations reveal this heterostructure
has a little bandgap (40 meV) and zero magnetic moment in the pristine form. In the present work, we
have attempted to induce magnetism in the resultant heterostructure by adsorbing Cr atom at (i) Top (G-
Top) (ii) Hollow (G-Hollow) configurations in the graphene layer and (iii) Top (S-Top) and (iv) Hollow (S-
Hollow) in the MoS2 layer. However, only G-Top and S-Hollow are energetically favorable amid these
configurations. Our results demonstrate that Cr-adsorption persuades the significant magnetic moment.
Both the stable configurations (G-Top and S-Hollow) transpire metallicity with a Dirac point shift in the
valence band. The magnetism originates from the interactions between Cr-3d states with C-2p and S-3p
states. These results summarize that the resultant adsorbed heterostructure may serve as a phenomenal
breakthrough for nanomagnetism.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The latest progression and development in the research of novel
2D materials have opened up new avenues for the fabrication of
very thin structures (in the range of nm)with restrained properties.
The first member of this family is graphene, a 2D analog of carbon
allotrope, graphite, and was synthesized in 2004 at the University
of Manchester [1]. Graphene has several peculiar properties which
proved its worth in almost all areas especially in photonics, elec-
tronics, electrochemistry, optoelectronics, and photovoltaics
[2e10]. Aside from tremendous applications, graphene has some
shortcomings as well. It reserves zero bandgap and zero magnetic
moment in a pristine form which limit its application to optoelec-
tronics and spintronics [11e14]. Previous theoretical and experi-
mental studies showed the electronic and magnetic properties of
graphene can be tackled easily by utilizing diverse substrates
@kuk.ac.in (M.K. Kashyap).
[15e21], chemical functionalization [22e27], forming nanoribbions
[28,29], and with defects (tacking adatom, dopants and creating
vacancies) [30e35].

The next popular members of 2D family that grabbed immense
attention in their court is transition metal dichalcogenides (TMDs).
TMDs form hexagonal lattice-like graphene and are represented as
MX2 where M represents a transition metal element from group IV
to VI and X is a chalcogen element (S, Se, and Te). Unlike graphene,
MoS2 is a direct bandgap semiconductor with a handful of inter-
esting and superlative optical, electronic, and mechanical properties
[36e40]. Also, over time, as fabrication techniques improved, the era
of van der Waals heterostructures speedily came into existence.
These heterostructures are made up of the layering of different 2D
materials like stacking Lego bricks in a precisely chosen sequence. In
this way, many recent experimental and theoretical research in this
area have shown that making heterostructure is an efficient way to
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combine the applications of two distinct 2D materials in one mate-
rial and the latest attention in this area is graphene/MoS2 hetero-
structure (G/MS-H). The strong spin-orbit coupling (SOC) of MoS2
with C atom leads to the opening of a bandgap in graphene at the
Dirac point [41]. The extraordinary features of G/MS-H like strong
optical response with high quantum efficiency, exceptional photo-
conductivity, and generation of large photocurrent have already led
to the construction of nanosensors, optical switches, energy storage
devices, and logic gates [42e53]. But the simulation of this G/MS-H
by density functional theory (DFT) is at the expense of quite high
computational cost and very challenging due to van derWaals (vdw)
interactions and large mismatch in lattice between the layers.
Various strives were made by researchers to seek out the problem of
lattice mismatch, choice of proper vdw functional, accurate inter-
layer spacing, and charge transfer between the layers. Finally, Singh
et al. [54] resolved all these problems theoretically by presenting a
comparative study of different DFT vdWmethods for 5� 5:4� 4 and
4� 4:3� 3 geometries of graphene/MoS2. They revealed that DFT-TS
and DFT-D2methodsmeasure accurately interlayer spacing (3.40 Å).
The Dirac point is located near the conduction band of MoS2 sheet
for 4 � 4:3 � 3 and lies in the bandgap region for 5 � 5:4 � 4 ge-
ometry, leading to appreciable charge transfer in the former and no
charge transfer between the constituent layers in the later. The zero
magnetic moment of G/MS-H limits its potential worth in magne-
tism. The previous papers from various research groups [55e58]
showed that significant magnetic moment can be induced in the
bilayer graphene by doping a transition metal atom (Fe, Cr, and Mn)
in three different locations (Top, Hollow and Bottom) and the
resultant systems become highly promising in spintronic and
memory-based devices. This motivated us to induce the magnetic
moment in G/MS-H in a similar way by adsorbing a suitable transi-
tion metal atom. Thus, we focus on the comprehensive theoretical
study of Cr-adsorption in both the upper and lower layers of G/MS-H
separately. The selection of Cr atom ismade due to its largemagnetic
moment of 6 mB in the free-standing form which may result high
induced moment on G/MS-H after adsorption.
2. Computational details

The ab-initio calculations were performed in VASP that utilize a
plane-wave basis approach based on density functional theory
(DFT) [59,60]. The generalized gradient approximation (GGA)
within Perdew-Burke-Ernzerhof (PBE) functional was employed to
address the electron-electron exchange-correlation (XC) potentials
[61]. The difficulties in lattice mismatch between graphene and
MoS2 layer was addressed with 5 � 5 � 1 supercell of graphene and
4 � 4 � 1 supercell of MoS2. The periodic interactions between the
layers were avoided by inserting a vacuum layer of thickness 20 Å.
Also, vdW interactions were incorporated in the resultant hetero-
structure with the help of DFT-D2 method of Grimme [62]. To
optimize the internal coordinates of atoms and lattice parameters,
the conjugate gradient algorithm (CG) was adopted under tight
convergence criteria of 10�8 eV. We sat the maximum plane-wave
energy cut off as 520 eV and the Brillouin zone was sampled with
G-type k-points mesh of 6 � 6 � 1. The SOC was also included to
better understand the intrinsic coupling in the resultant hetero-
structures. The vibrational stability of the resultant heterostructure
was checked within a density functional perturbation theory (DFPT)
approach by performing the phonon spectrum. The data was further
processed with the help of phonopy code [63]. Also, the stability
against thermal fluctuations at 300 K wasmeasured with the help of
ab-initio molecular dynamics simulations (AIMD) [64]. The charge
redistribution and charge transfer between the layers were pre-
dicted by using Bader charge analysis [65].
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3. Results and discussions

3.1. Pristine graphene/MoS2 heterostructure

Since the lattice constant of graphene (2.456 Å) and MoS2
(3.169 Å) are quite different, therefore, first of all, the lattice
mismatch was compensated by assembling 5 � 5 � 1 supercell of
graphene with 4 � 4 � 1 supercell of MoS2 (Fig. 1). The observed
lattice parameters of relaxed pristine 5:4 bilayer heterostructure
are a¼ b¼ 12.41 Å. The bond lengths of MoeS and CeC were found
to be 2.4 Å and 1.48 Å, respectively. Also, the thickness of the MoS2
layer, i.e., the distance between SeS planes, is 3.16 Å and interlayer
spacing (d) between graphene andMoS2 layers is 3.42 Å. Both these
values agree with the calculated values of Singh et al. [60]. After
that, Cr atom is adsorbed at all possible configurations i.e. Top,
Hollow, and Bottom in both the layers. As graphene layer is a single
atom thick (C), so, it has three favorable locations for Cr-adsorption
i.e. G-Top (top of any C atom directly), G-Hollow (center of hexagon
of C atoms), G-Bottom (at the midpoint of CeC bond). But the MoS2
layer is three atoms thick (one Mo and two S). So, it has six favor-
able locations i.e. S-Top (top of any S atom directly), Mo-Top (top of
any Mo atom directly), S-Hollow & Mo-Hollow (center of hexagon
of Mo and S atoms), S-Bottom & Mo-Bottom (at the midpoint of
MoeS bond). It is worth to mention here that (i) Mo-Hollow and S-
Hollow as well as (ii) Mo-Bottom and S-Bottom are equivalent
configurations. This means there are seven possible configurations
in which Cr-adsorption is possible. However, out of these seven,
three configurations viz. G-Bottom, Mo-Top, S-Bottom are not sta-
ble and transform to G-Top, S-Hollow, and S-Hollow, respectively.
Therefore, we proceed further only with rest of the four configu-
rations as depicted in Fig. 1.

We primarily computed the structural stability of pristine and
all four adsorbed heterostructures by estimating binding energy
[57,66] as:

Ebin¼Eprist� nlEMoS2 �nlEGraphene ðFor pristine caseÞ
¼ Eadsorbed�nlEMoS2 �nlEGraphene�nCrECr ðFor adsorbed caseÞ

(1)

where Eprist=EadsorbedEMoS2 ,EGraphene and ECr are the ground state
energies of pristine/adsorbed heterostructures, MoS2 monolayer,
graphene monolayer, and Cr atom, respectively. Also, nl represents
the number of layers of MoS2 and graphene and nCr represents the
number of Cr atoms in the resultant heterostructures.

Table 1 is indicative that there is a negligible difference between
interlayer spacing and thickness of MoS2 layer of pristine and all
adsorption cases. This may be due to the fact that the electroneg-
ativity of Cr atom is less than both C and S atoms due to which it
does not cause any strain on both graphene and MoS2 layers,
leaving ‘d’ and ‘t’ almost intact. Also, it is clearly reflected from the
binding energy values (Table 1) that only pristine case along with
G-Top and S-Hollow are energetically favorable. Thus, we have
considered only these three configurations for further detailed
investigation of the electronic properties and magnetic response.
The stability of the pristine case under thermal fluctuations at
about 300 K is also determined with the help of AIMD simulations.
The result shows that total energy is varied minutely with a time
step of 200 fs (Fig. 2). In addition, no movements and breaking of
bonds between the atoms in the corresponding monolayers were
observed, indicating the thermal stability of the resultant
heterostructure.

In addition, vibrational stability was also ensured with the help
of the phonon spectrum. The phonon dispersion spectrum contains
mostly positive frequencies except only one or two negatives values



Fig. 1. Schematics of 5:4 vdW G/MS-H in pristine form (middle) and after Cr-adsorption in Hollow (left) and Top (right) configurations.

Table 1
Optimized lattice parameters, interlayer spacing (d) between graphene andMoS2 layer, thickness (t) of MoS2 layer and binding Energy (Ebin) of pristine and Cr-adsorbed G/MS-
H.

Parameters Pristine G-Hollow G-Top S-Hollow S-Top

Lattice parameters a ¼ b ¼ 12.41 a ¼ b ¼ 12.42 a ¼ b ¼ 12.43 a ¼ b ¼ 12.43 a ¼ b ¼ 12.43
a,b,c (Å) c ¼ 22.51 c ¼ 22.52 c ¼ 22.48 c ¼ 22.47 c ¼ 22.49
d (Å) 3.423 3.419 3.411 3.412 3.415
t (Å) 3.16 3.15 3.13 3.14 3.14
Ebin (eV) �0.62 þ0.53 �1.45 �0.87 þ1.70
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at G-point (Fig. 3) which generally arise in 2D materials due to the
absence of the substrate.

The spin-resolved band structure of pristine G/MS-H (Fig. 4)
demonstrates the mirror-like symmetry only in the proximity of
the Fermi level (EF), resembling pristine graphene with an excep-
tion of a direct bandgap of about 40 meV at K-point of Irreducible
Fig. 2. Thermal fluctuations in the total energy of pristine G/MS-H at room tempera-
ture (300 K) as governed by AIMD simulations.
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Brillouin Zone (IBZ). Also, the band structure for the majority and
minority spin channels are exactly similar. This manifests that
Fig. 3. Phonon dispersion spectrum for pristine G/MS-H along high symmetry k-
points.



Fig. 4. Spin resolved band structure of pristine G/MS-H in majority and minority spin
channel.
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pristine G/MS-H has zero magnetic moment which limits its po-
tential in nanomagnetism.

To better understand the opening of the gap between Dirac
points, the charge transfer, and changes in electronic structures of
resultant G/MS-H due to vdW interactions between graphene and
MoS2 layers, the total and orbital projected density of states (DOS)
for pristine graphene monolayer, pristine MoS2 monolayer and
pristine G/MS-H are analyzed in Fig. 5.

In G/MS-H, the electronic bands forming the Dirac cone in en-
virons of EF are mainly composed of C-2p states whereas, the
Fig. 5. Calculated spin-resolved total and partial DOS of pristine Graphe
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valence and conduction bands away from the EF are dominated by
S-3p and Mo-4d states. Also, when the orbital character of C/(Mo
and S) in graphene/(MoS2) monolayer only (Fig. 5) are compared
with the corresponding orbital characters in G/MS-H (Fig. 5), it is
found that the orbital characters of Mo (4d) and S (3p) in MoS2 and
C (2p) in graphenemonolayer are almost intact as in G/MS-Hwhich
indicate a zero charge transfer between the corresponding layers.
Despite this zero charge transfer, there are some significant
changes at the Dirac point of the resultant heterostructure as
compared to the individual graphene monolayer. In addition to
some bandgap between the Dirac points, the shape of the Dirac
cone is changed to somewhat parabolic instead of linear as in
graphene. Also, in an individual MoS2 monolayer, the valence band
is filled close to EF whereas in G/MS-H, the valence band of these
Mo-d and S-p orbitals is far left from the EF. These effects may
originate due to the effective staggered potential arising fromMoS2
and competition between the intrinsic SOC of graphene with MoS2.

The zero charge transfer between the corresponding layers
under equilibrium conditions was further verified with the help of
Bader charge analysis. The electronegativity of bothMo and S atoms
are different due towhich each S atom accepts 0.58e fromMo atom.
In other words, eachMo atom donates 1.16e asMoS2 layer has two S
atoms per Mo atom. However, in the graphene layer, there is zero
charge transfer as electronegativities of all C atoms are the same.
When graphene and MoS2 are combined together in the hetero-
structure, even then S atom accepts 0.58 e fromMo atom and there
is no charge transferred to the C atom. This clearly indicates that
there is no trace of charge transfer from Mo/S atom to C atom and
vice versa in the resultant heterostructure (Table 2).
ne Monolayer, MoS2 Monolayer and G/MS-H. EF is shifted to zero.



Table 2
Calculated average charge transfer by Mo, S, and C atoms between the MoS2 and graphene monolayers in G/MS-H.

Atoms Charge transfer Charge transfer Charge transfer

G/MS-H (in electrons) Graphene Monolayer (in electrons) MoS2 Monolayer (in electrons)

Mo þ1.16 e _ þ1.16 e
S �0.58 e _ �0.58 e
C �0.02 e �0.02 e _

Fig. 6. Calculated spin-resolved total DOS for Cr-adsorbed G/MS-H in G-Top and S-
Hollow configurations.
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3.2. Cr-adsorbed G/MS-H

The Cr atom highly influences the electronic and magnetic
properties of resultant G/MS-H and leads to the modification in the
total DOS for both configurations, as delineated in Fig. 6, reflecting
Fig. 7. Orbital projected spin-resolved DOS of G/M
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the disappearance of the feeble gap of the pristine case due to the
adoption of EF by DOS of adsorbed Cr-atom. Clearly, in Cr-adsorbed
G/MS-H, the valence and conduction bands overlapwith each other
and the overlapping bands pilot the passage of heterostructure
from low bandgap semiconductor to the metal for both configu-
rations. Moreover, the presence of Cr atom not only leads to the
addition of extra states in the vicinity of EF but also alters the orbital
projected DOS ofMo-4d and S-3p (Fig. 7). Now, the unoccupied DOS
(in conduction band) of both Mo-4d and S-3p orbitals touch EF
whereas in pristine G/MS-H, they remain present well above the EF.
Also, the location of the adsorption site is very crucial as DOS is
different for both G-Top and S-Hollow.

The slight differences between the DOS of G-Top and S-Hollow
are due to the fact that the electronegativity of the S atom is slightly
higher than that of C atom. As a result of which, it tends to attract
more electron cloud from Cr-3d orbitals. In both G-Top and S-Hollow
configurations, metal character arises mainly due to admixture of
2p/3p orbitals of C/S with 3d orbitals of Cr atom (Fig. 7). Also, both
the configurations have decent magnetic moments (as listed in
Table 3) which make the resultant heterostructures the phenomenal
candidates for various magnetic applications such as memory-based
magnetic devices and spintronics.

This appearance of significant magnetic moment and alteration
in DOS on adsorption can be better understood with the help of
S-H in G-Top and S-Hollow configurations.



Table 3
Total spin Magnetic moments mstot (mB) and the amount of charge transfer for Cr-
adsorbed G/MS-H.

Property Configuration

G-Top S-Hollow

mstot 3.748 3.436
Amount of charge Cr ¼þ0.99 e Cr ¼þ1.05 e
Transfer Cneigh ¼�0.19 e Sneigh ¼�0.77 e

Cfar ¼0 Sfar ¼�0.58 e
Moneigh ¼þ1.14 e Moneigh ¼þ1.13 e
Mofar ¼þ1.16 e Mofar ¼þ1.16 e
Sneigh ¼�0.72 e Cneigh ¼�0.12 e
Sfar ¼�0.58 e Cfar ¼0
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charge transfer using Bader charge analysis. It is clearly reflected
from Table 3 that the charge transfer is affected only for those Mo,
C, and S atoms which are in the vicinity of Cr atom while the
remaining atoms which are far away from the adsorption site, have
the same charge transfer as that in pristine case. In G-Top/S-Hollow,
C/S atoms are closer to Cr atoms than S/C atoms. As a result, the C
atomswithdrawmore electrons from Cr atom in G-Top and S atoms
withdrawmore electrons from Cr atom in S-Hollow with respect to
each other. Also, Cr atom loses more electrons in S-Hollow than G-
Top because the electronegativity of S atom is slightly higher than
that of C atom.

The spin magnetic moment in G-Top/S-Hollow appears only due
to Cr atom itself. The spinmagnetic moment of the Cr atom (3d54s1)
should be 6 mB in its free-standing form. However, the total spin
magnetic moment (mstot) of G-Top/S-Hollow comes out to be 3.748/
3.436 mB. This reduction in themagnetic moment takes place due to
the shifting of electrons from 3d to 4s orbitals of Cr atom to the S-3p
and C-2p orbitals. Also, the greater the shifting of electrons, the
more will be the reduction in the magnetic moment. Clearly, the
chance of shifting of electrons from Cr atom is more in S-Hollow
than G-Top (Table 3) configuration. That is why, the magnetic
moment of S-Hollow is less than that of G-Top. In addition, we have
checked the variation in magnetic moment in ab-plane and
perpendicular to the heterostructure. But no significant change is
appeared, indicating no role of direction dependence. Thus, in a
Fig. 8. Spin density profile in (a) MoS2 monolayer and b) Graphene monolayer along
110 plane of G/MS-H with S-Hollow configuration.
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nutshell, we can conclude the variation between orbital projected
DOS and magnetic moments for both configurations are the
consequence of different charge transfer in both cases.

The magnetic character induced by Cr atom is cross-verified by
plotting spin density plots of both graphene andMoS2monolayer in
S-Hollow Cr adsorbed G/MS-H (Fig. 8). These plots illustrate that
the main contribution to the magnetic moment arises from the Cr
atom. Also, it influences the spin states of only those S atoms of
MoS2 layer and C atoms of graphene layer which lies in its prox-
imity while the spin states of remaining atoms of both layers
remain the same as before adsorption. A similar behavior is
observed (not shown for brevity) for G-Top configuration of the
studied heterostructure.
4. Conclusions

In summary, the electronic and magnetic response of pristine as
well as Cr-adsorbed graphene/MoS2 heterostructure in various
configurations have been studied within the framework of density
functional theory. Our results present that Cr-adsorption leads to the
transition of pristine heterostructure from weak semiconductor to
the metal and introduces the significant magnetic moment in both
the stable configurations. The bonding of the Cr atomwith nearest S
atoms in the MoS2 layer and C atoms in the graphene layer is co-
valent as evident from the Bader charge analysis. This covalent
bonding reduces themagneticmoment of the Cr atom in comparison
to its free-standing state. Also, the slight difference between the
magnetic moment and electronic DOS of both the configurations is
due to the difference in electronegativities of C and S atoms. These
results summarize that the resultant adsorbed heterostructure can
be an efficient candidate for nano-magnetic devices.
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