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metallic properties of
a functionalized MoS2 monolayer†
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and P. K. Ahluwaliaa

Stability and electronic properties of a two-dimensional MoS2 monolayer functionalized with atomic wires

of Fe and Co are investigated using density functional theory. The binding energy of the atomic wires of Fe

and Co on MoS2 is noticeably higher relative to that calculated for the BN (0001) surface. The pristine

monolayer is non-magnetic and semiconducting, and its functionalization makes the system magnetic

and metallic. This is due to mainly the presence of a finite density of states associated with Fe or Co

atoms in the vicinity of the Fermi level of the functionalized monolayer. Additionally, the spin-polarized

character of the functionalized monolayer is clearly captured by the tunneling current calculated in the

STM-like setup. We believe that the results form a basis for fabrication and characterization of such

functionalized two-dimensional systems for applications at the nanoscale.
1. Introduction

The miniaturization of electronic devices with enhanced func-
tionalities is the fundamental goal of current theoretical and
experimental research in search of novel (two-dimensional) 2D
materials.1–3 The reason for the shi from bulk geometry
towards low dimensional geometries is to enhance the carrier
mobility in a single transistor and to have a large number of
transistors on a single chip for faster switching operations and
lower power consumption. Layered transition metal di-
chalcogenides (TMDs) with the chemical formula MX2 (where,
M is a metal atom and X is a chalcogen) have emerged as a new
class of materials with interesting electronic properties.4–7 They
have a lamellar structure, similar to that of graphite, where
individual layers are bonded via van der Waals interactions
which are strong enough to hold them together but weak
enough for them to be peeled off as quasi monolayers with three
sub-layers. Furthermore, among the various TMDs, MoS2 with
an inherent band gap has been the prototype example showing
a lot of promise for device applications.8–11 For example,
mobility of 200 cm2 V�1 s�1 at room temperature can be ach-
ieved in MoS2 monolayer using hafnium oxide (HfO2) as the
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gate dielectric, thereby making it to be competitor of graphene
nano-ribbons.12

In order to induce magnetism in non-magnetic materials,
adsorption and doping of transition metal atoms appear to be
effective ways.10,13–18 For example, ferromagnetism on Pt surface
was induced by deposition of atomic chains of Co.19 Similarly,
half-metallic character of the wurtzite BN (0001) surface func-
tionalized with the atomic chains of transition metals (e.g. Fe,
Co and Ni) was predicted.20 Another theoretical study explored
the effect of substrate including (110) surfaces of Cu, Pd, Ag,
and NiAl on the magnetic coupling in transition metal atomic
chains.21 The functionalization of MoS2 monolayer by adatoms
and vacancies have been previously investigated,22 and our
group has studied the effect of nonmagnetic atomic nanowires
on the electronic properties of MoS2.23

Inspired by these results, we now look into inducing spin-
dependent metallic properties in the semiconducting MoS2
monolayer via its functionalization by monoatomic wires of Fe
and Co which has not been explored so far. The electronic
congurations of Fe and Co are [Ar] 3 d6 4 s2 and [Ar] 3 d7 4 s2,
respectively. The objectives of the present investigation is to
study: (i) stability of ferromagnetic and anti-ferromagnetic Fe
and Co atomic wires on pristine MoS2, (ii) modication in the
electronic band structures upon functionalization, (iii) induced
magnetization in MoS2 upon functionalization, (iv) spin
dependent tunneling current characteristics of Fe (Co) func-
tionalized MoS2.
2. Computational method

Spin polarized electronic structure calculations were performed
within the framework of density functional theory (DFT) using
RSC Adv., 2016, 6, 38499–38504 | 38499
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Fig. 1 A ball and stick model of the functionalized monolayer showing
side views of binding sites. The violet, yellow and brown balls represent
Mo, S and Fe/Co atoms, respectively.
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the projector augmented-wave (PAW) method,24 as imple-
mented in the Vienna ab initio simulation package (VASP).25,26

The exchange and correlation effects were treated within the
generalized gradient approximation (GGA) using Perdew and
Wang (PW91) functional.27 The van der Waals interactions
resulting from dynamical correlations between uctuating
charge distribution was described within the Tkatchenko–
Scheffler method.28 Due to the relatively small spin–orbit
coupling (SOC) in MoS2 compared to other transition metal
dichalcogenides,29 the SOC is not included in the calculation
and it is expected to have very limited effect on the adsorption of
atomic wires on MoS2.

The pristine MoS2 monolayer was simulated by a periodic
supercell. For the functionalized monolayer, the lattice
mismatch between atomic wire and MoS2 and the wire–wire
interaction in the periodic system were minimized. For
example, the calculated lattice mismatch is +3% and �1.3% for
Fe/MoS2 and Co/MoS2 by taking a supercell of (5 � 5 � 1) for
MoS2 and (1 � 4 � 1) for the 1-dimensional linear atomic wire.
This choice also led to the negligible wire–wire interaction in
periodic images with distance larger than 16 Å. Also, a vacuum
distance of 25 Å along the z-direction was used to ensure
negligible interactions between 2D system images. The Mon-
khorst–Pack scheme with a kmesh of (15� 15� 1) was used for
the functionalized monolayer. The electronic density of states
(DOS) was calculated with Gaussian broadening parameter of
0.1 eV. The energy convergence criterion of 10�6 eV was used for
self-consistency for electronic steps. The structure was relaxed
using the conjugate gradient method with force on each atom
less than 0.01 eV Å�1.

3. Results and discussion

In order to benchmark the modeling elements, we have calcu-
lated the structural and electronic properties of the free-
standing atomic wires and the pristine MoS2 monolayer which
show an excellent agreement with previously reported theoret-
ical and experimental values. For example, the calculated lattice
parameters of the pristine monolayer are in close agreement
with the values obtained using density functional theory15,22,30,31

and experimentally measured values.4,32–34 For the monolayer,
R(Mo–S) is 2.42 Å, R(S–S) is 3.12 Å, A(S–Mo–S) is 80.51�, and the lattice
constant is 3.18 Å. The spin-polarized electronic band structure
shows MoS2 to be semiconductor with a direct band gap of 1.59
eV at K point. The calculated band gap is underestimated as
compared to experimentally measured values4,33 following the
well-known deciency of DFT level of theory. Most of the
contributions to the valance band maximum (VBM) and
conduction band minimum (CBM) originates from Mo atoms
including Mo-dz2 and Mo-dx2�y2 orbitals. A symmetric density of
states for spin-up and spin-down states conrms MoS2 to be
nonmagnetic in its pristine form (see ESI, Fig. S1†).

In the freestanding atomic wires, the asymmetric spin-up
and spin-down total density of states suggests the presence of
magnetic order in the monatomic Fe and Co wires. The ground
state of the Fe (Co) atomic wire is ferromagnetic (FM) with
energy 10 (590) meV lower than that of anti-ferromagnetic state
38500 | RSC Adv., 2016, 6, 38499–38504
(AFM) (see ESI, Fig. S2 and S3†). The magnetic moment per
atom in linear wires is found to be 2.92 mB/Fe and 2.03 mB/Co.
The calculated near-neighbor distance is 1.94 and 2.02 Å for Fe
and Co linear wires, respectively. In the functionalized mono-
layer, there exists a strain of +3% and�1.3% in Fe and Co wires,
respectively due to lattice mismatch. The calculated magnetic
moments and the spin resolved total density of states nearly
remain the same for the strained Fe and Co atomic wires
(Fig. S3†).

There exist several binding sites on the monolayer for the
linear wire which are shown in Fig. 1.

To ascertain the preferred conguration of the functional-
ized monolayer, the binding energy (Eb) is calculated as follows:

Eb ¼ [Ewire@MoS2
� (Ewire + EMoS2

)]/n, (1)

where n is the number of atoms in the atomic wire, Ewire@MoS2 is
the total energy of the functionalized system, Ewire and EMoS2 are
the total energy of the strained wire and MoS2 monolayer,
respectively.

Fig. 2 displays the Eb as a function of separation between
atomic wire and the monolayer (i.e. (dwire@MoS2)) for the binding
congurations, namely (i) top of the Mo atom (i.e. top (Mo)), top
of the S atom (i.e. top (S)), (iii) top of the Mo–S bond (i.e. bridge
(Mo–S)), (iv) top of the S–S bond (i.e. bridge (S–S)), and (v) top of
the hexagonal ring (i.e. hollow (HR)) sites (see ESI, Fig. S4 and
Table S1†).

The calculated results nd the bridge (S–S) conguration to
be the preferred site with Eb of �0.5 eV for both Fe/MoS2 and
Co/MoS2 functionalized monolayers. The separation between
atoms of the wire and S atoms of the monolayer (dwire@MoS2) is
calculated to be 1.50 Å. Here, Fe (Co) atoms of the linear wires
transfer a fraction of Bader's charge�0.24 e per atom to S atoms
of the monolayer35 (see ESI, Table S2†). Additionally, the charge
density difference proles (dened by Drwire@MoS2 ¼ rwire@MoS2

� rMoS2 � rwire) show that charge redistribution is more
pronounced in the region between atomic wire and upper layer
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Binding energy as a function of separation (dwire@MoS2) between wire and MoS2.
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of MoS2 (Fig. 3). Both Fe/MoS2 and Co/MoS2 have similar charge
redistribution which supports the inference drawn for the
similar binding energy values for the functionalizedmonolayers
(see ESI, Table S1†).

In order to conrm the predicted stability of the function-
alized MoS2 in the ferromagnetic (FM) conguration, the spin-
polarized electronic structure calculations were performed on
the anti-ferromagnetic (AFM) congurations of both Fe and Co
functionalized MoS2 monolayers. The difference in energy of
the FM and AFM congurations is calculated to be 15 and
313 meV for Fe and Co functionalized monolayers, respectively.
In the AFM conguration, the calculated binding energy is
+1.58 eV and�0.47 eV for Fe and Co functionalizedmonolayers,
respectively. Note that a positive value of the binding energy
indicates instability of the AFM conguration of the Fe func-
tionalized MoS2.

In the functionalized monolayers, modications in the
electronic density lead to introduction of new states near the
Fermi energy in the band structure making them to be metallic
(Fig. 4 and S5†). These additional bands appear to be associated
with atomic wires and are dominated by the spin-down states.

The metallicity of the functionalized monolayer is further
conrmed by the total and projected density of states as shown
in Fig. 5 and 6, respectively. The presence of nite spin up and
Fig. 3 Charge density difference plots for (a) Fe-functionalized MoS2
accumulation and depletion respectively. The isosurface values are set a

This journal is © The Royal Society of Chemistry 2016
spin down density of states in the vicinity of Fermi energy
conrms the metallic nature of functionalized monolayer. The
difference in spin up and spin down total density of states gives
clear signature of presence of magnetic order. In the pristine
monolayer, both spin up and spin down states near Fermi
energy are dominated by Mo-d states. On the other hand, Co-d
states contribute to both spin up and spin down states near
Fermi energy for Co/MoS2. This is not the case with Fe/MoS2
where spin-up states projected on Fe-d orbitals appear to vanish
near Fermi energy. This difference can be attributed to avail-
ability of additional d-electron for Co as compared to Fe in the
functionalized monolayer.

Next, we turn to determine the magnetic properties of the
functionalized monolayers. The calculated values of the
magnetic moment per atom are 2.75 and 1.55 mB for Fe/MoS2
and Co/MoS2, respectively. Note that the monolayer remains
non-magnetic as revealed by the spin density plots (see ESI,
Fig. S6†). Considering that the calculated magnetic moment per
atom is 2.99 mB and 2.03 mB for the strained freestanding Fe and
Co atomic wires, overlap of Fe-d and Co-d with S-p orbitals
appears to decrease the magnetic moment of Fe and Co atomic
wire. We notice that the magnitude of quenching in Co is higher
than that in Fe due to availability of an additional d-electron in
Co which facilitates signicant hybridization with S-p electrons
(b) Co-functionalized MoS2. Green and red color represents charge
t 0.004 e Å�3.

RSC Adv., 2016, 6, 38499–38504 | 38501
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Fig. 4 Projected spin-polarized band structures of the Co functionalized monolayer. The width of the bands depicts spectral weight of the
points. Fermi energy is set at 0 eV.
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of the monolayer. Our results follow the trend exhibited by
adsorption of a single Fe (Co) atom on the MoS2 monolayer15 for
which the respective values are 2.44 and 0.77 mB (see ESI, Table
S3†).

In the functionalized monolayers, the presence of nite
density of states near the Fermi level is expected to modify
electron transport properties relative to the pristine semi-
conducting monolayer. This expected increase in conductance
can be quantied by calculating the current–voltage character-
istics within the scanning tunneling microscope (STM)
measurements.35 In the STM-like setup, a spin-polarized tip is
modeled by a ferromagnetic cage-like Fe13 cluster. Since the
ferromagnetic and anti-ferromagnetic nature of Fe tip is still not
established, it was assumed that an excess of Fe at the apex of
the tip results in the induced ferromagnetism in STM experi-
ments.36 The Bardeen, Tersoff and Hamann (BTH)
formalism37,38 has been successfully used to simulate tunneling
Fig. 5 Spin-polarized total density of states of the functionalized
monolayers. Fermi energy is set at 0 eV.

38502 | RSC Adv., 2016, 6, 38499–38504
characteristics of nanostructures including BN monolayer
phosphorene and molybdenum disulphide.23,39–43

We dene the biasing to be forward bias (or positive bias)
when the sample is connected to the positive potential with
electrons owing from tip to sample. The separation between
the tip and the monolayer is taken to be 3 Å. It is worth
mentioning here that the choice of the tip and sample separa-
tion denes the magnitude of current, although the tunneling
characteristics remain the same.

The spin-polarized tunneling current characteristics for the
pristine and functionalized MoS2 are given in Fig. 7. The func-
tionalized monolayers show ohmic-like characteristics up to
a small positive bias of �0.1 V. In the reverse bias, an asym-
metric variation in current is predicted. Also, a relatively large
magnitude of tunneling current is predicted for Co/MoS2 as
compared to Fe/MoS2. The nearly zero current in the bias range
of �0.5 V to +0.5 V is calculated for the pristine semiconducting
monolayer.

As the tunneling current is directly proportional to the
convolution of DOS between the tip and sample, the nite spin-
Fig. 6 Spin-polarized projected density of states for the functional-
ized monolayers. Fermi energy is set at 0 eV.

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Spin-polarized I–V characteristics of the functionalized
monolayers.
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up and spin-down DOS in the vicinity of the Fermi level of the
functionalized monolayer is likely the reason of increase in
tunneling of both spin carriers (spin-up and spin-down) with
the bias voltage. An additional d-electron in Co atom as
compared to Fe atom leads to increase in density of states which
results in an increase in the tunneling current. It is interesting
to note that the magnitude of tunneling current increases in
negative bias as compared to positive bias which can be
attributed to the larger number of unoccupied states in the
functionalized monolayers (Fig. 4 and S5†).

It is worth mentioning here that stability of clusters and
atomic wires of Fe and Co on graphene44 and BN (0001)
surface,20 respectively have previously been investigated. For
example, stability of atomic wires of Fe and Co on BN (0001)
surface have been predicted with a binding energy of about
1 eV.20 On the other hand, clusters of Fe and Co are reported to
have binding energies of 0.88 and 2.14 eV, respectively. Our
results therefore, nd a noticeable higher binding energy for
atomic wires of Fe and Co on a MoS2 monolayer. This is also the
case with our previous studies of stability of atomic wires of
noble metals interacting with MoS2.23 Fe or Co atomic wire
induced metallicity in MoS2 is in line with previous reports on
the functionalization of MoS2 or BN surface by metallic
nanowires.20,23
4. Summary

Stability and electronic properties of the functionalized MoS2
monolayers are investigated using density functional theory.
The binding energy of atomic wires of Fe and Co on MoS2 as
compared to previously investigated BN (0001) surface.20 The
pristine monolayer is non-magnetic and semiconducting, and
its functionalization with ferromagnetic Fe and Co linear
atomic wires makes composite system to be magnetic and
metallic. This is further conrmed by the calculated tunneling
currents showing ohmic-like characteristics for the low bias in
the functionalized MoS2 monolayers. Additionally, appearance
of unoccupied spin-down states in the vicinity of Fermi level
This journal is © The Royal Society of Chemistry 2016
leads to enhanced conductance in the reverse bias as compared
to the forward bias in the functionalized MoS2 monolayers. We
believe that the results provide a signicant addition to the
existing knowledge of the functionalized MoS2 monolayers and
form a basis for further investigations of such assembled
systems for applications in electronic devices at nanoscale.
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