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Many efforts have been made recently to develop new materials that can be applied in more efficient data
storage devices, such as 2D magnetic materials. MoS, is the most studied 2D material beyond graphene due to its
unique optical, electronic, mechanical and magnetic properties. This paper presents a systematic study of
magnetic anisotropy in MoS, sheets prepared by liquid exfoliation method. We have applied an extension
method in order to obtain ferromagnetic anisotropy by separating paramagnetic contribution from total mag-
netic anisotropy. MoS, thin films exhibit ferromagnetic order on 2D-MoS, remaining until room temperature and
a magnetization easy plane.

1. Introduction

Data storage devices such as hard disk drive (HDD) [1] mostly
employ the physical phenomena of magnetic recording for storing and
reading data [2]. It is expected that the growth rate of recording density
in a HDD of conventional architecture [3] finds a limit, due to bit in-
stability caused by superparamagnetism [4]. Many efforts have been
made in order to design a storage medium that can store data in area
densities from 100 to 500 Gbit/in® on [5]. Currently, the recording
media architecture consists of stacked thin films with typical thick-
nesses of 11-16 nm composed by magnetic oxides, presenting magnetic
moments perpendicularly oriented [3] which could be replaced by in-
dividual magnetic atoms adsorbed in a two-dimensional material [6-9],
to approach the miniaturization limit of the bit for data storage.

A major breakthrough in the development of more efficient data
storage media is to use systems with reduced dimensionality aiming
materials that exhibit high magnetic anisotropy energy (MAE), to
guarantee the thermal energy kT does not exceed the activation energy
KV (where K is the anisotropy constant per unit volume and V is the
volume), hence the random field fluctuations do not interfere in the
spatial orientation of magnetic moments, retaining the stored in-
formation [10].

After the discovery of graphene, new perspectives emerged on using
2D materials as a substrate for magnetic atoms [11]. An interesting
route to obtain other 2D materials is the use of transition metal di-
chalcogenides (TMDs) since they can be exfoliated, presenting a general
formula MX, (where M is the metal and X is the chalcogenide). These
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materials are X-M-X-type in which the atoms are covalently bonded in
plane and the layers interact by van der Waals forces [12]. Among the
2D-TMDs, MoS, has attracted much attention due to its promising
transport and magnetic properties from a honeycomb hexagonal lattice
structure and a strong spin-orbit coupling (SOC), appropriate to present
a high magnetic anisotropy [13,14].

Theoretical works have reported magnetic anisotropy of MoS,
doped with transition metals [15]. The chemical stability and MAE of
isolated transition metal atoms (Mn and Fe) adsorbed in MoS, mono-
layers were investigated, based on calculations of first principles and
SOC theory showing that transition metal atoms adsorbed in the va-
cancies of two sulfur atoms are chemically stable and resulted to im-
prove MAE. The easy magnetization axis can be changed from in plane
to out of plane by changing the adsorbed atom from Mn to Fe, re-
spectively [16]. Odkhuu et al. calculated that perpendicular MAE is
increased to the order of 100 meV per individual ruthenium and os-
mium atoms adsorbed in a single sulfur atom vacancy in two-dimen-
sional MoS, [17]. Furthermore, they stated this giant perpendicular
magnetocrystalline anisotropy (PMA) is due to a transition of the spin
state involving the hybridization between the molybdenum orbitals and
the adsorbed transition metal ones.

In order to develop commercial data storage medium that ap-
proaches to the miniaturization limit of the bit, firstly, a synthesis route
that enables the deposition of the individual transition metal atoms on
the sulfur vacancies must be stablished [16,17] and secondly, there
must be a strong bond between the adsorbed transition metal atom and
the MoS, layer and finally, the material must to present a high MAE. On
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the other hand, it was demonstrated that an anti-site defect (Moy) in a
MoS,, layer leads to different values of 1y, 2 115, and 3 u; magnetic
moments, which can be replaced by changing Fermi level [18]. A Mo, in
2D-MoS, features a 550 meV MAE with easy axis of magnetization out
of plane. Han et al. [19] explored this situation with two approaches:
protons irradiation and annealing in H, atmosphere, to induce ferro-
magnetic order in diamagnetic MoS, crystals, resulting in an easy axis
of magnetization in plane and out of plane, respectively.

Based on in this previous works, we present results of the magnetic
behavior of MoS, sheets exfoliated in organic solvent [20-23] as a
function of applied magnetic field performed in different directions.
The dependence of the magnetic behavior of 2D MoS, with the direc-
tions of applied magnetic field in relation to the basal plane of the
sample, measured in different temperature, are explained in terms of
the magnetic anisotropy generated by energy balance between the
terms of spin-orbit and orbit-crystallographic axes of the states on the
zigzag edges. Determining an easy magnetic plane in the basal plane of
the MoS, sheets.

2. Experimental section
2.1. MoS; film preparation

In order to obtain samples with few layers, 1g of MoS, powder
(Sigma Aldrich, CAS Number 69860) were added to 100 mL of N-me-
thylpyrrolidine (Sigma Aldrich, CAS Number M79603) and the system
was kept under ultrasonication for 6 days (Branson, 1510 ultrasonic
bath), with controlled temperature at 25°C. The material was cen-
trifugated (Eppendorf, Centrifuge 5804) at 11,000 rpm (15557 rcf) for
60 min and 50 pl of the supernatant drops corresponding to 11.5 pg of
2D-MoS, were deposited using a micro pipette on the silicon substrate
with area and thickness of 3.4 x 10° um? and 546 ym respectively.

2.2. Material characterization

The resulting sample consists of 2D-MoS, platelets with the mean
basal area of 392 um? and four layers thickness, aligned parallel to the
basal plane of the silicon substrate and rotationally disordered.

The morphological analysis was performed by scanning electronic
microscopy (SEM), using a FEI microscope (Inspect F-50), beam ac-
celeration between 2 and 5kV, secondary electrons detector, and
transmission electron microscopy (TEM) and electron diffraction, using
a Tecnai F-20, operating at 200 kV. To estimate the amount of MoS,
layers obtained by the exfoliation process, a Micro Raman spectrometer
Bruker Senterra was used, with a laser of 532 nm wavelength. And by
an atomic force microscope (AFM) EASYSCAN 2 FLEX AFM. The mea-
surements were made in contact mode, where a nitrate tip of Si was
used, and the area swept was 1 x 1 um> Magnetization measurements
were performed as a function of applied magnetic field using a
Quantum Design SQUID magnetometer, MPMS®3, up to 70 kOe, in the
temperature range of 3-300K, perpendicularly (in relation to the
magnetic field) and parallel in angles of 0, 45 and 90° (in the basal
plane). For measurements with field parallel the basal plane, the sam-
ples were glued on the quartz sample holder purchased by Quantum
Design QD part number MPMS 3 (4500-604). For measurements with
perpendicular field to basal plane the samples were fixed in a plastic
support.

3. Discussion
3.1. Morphological and structural characterization

SEM images of the bulk material, Fig. 1(a), and 2D-MoS,, Fig. 1(c),
showed MoS, flakes are deposited with the basal plane parallel to the Si

substrate. Comparing Fig. 1(a) and (c) it is noted that the bulk MoS,
flakes have a lower mean basal area than the 2D-MoS, flakes, because
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the exfoliated sample was prepared with NMP, forming a thin film. The
histograms of flakes size distribution of samples, Fig. 1(b), (d) obtained
by ultrasonication process, resulted in a narrower flake size distribu-
tion, from 30.5 p.m2 (o = 0.9) to bulk MoS, to 392.8 umz (o = 0.8) for
2D-MoS,, flakes.

TEM images and diffraction pattern, Fig. 2, show a few-layer ma-
terial. The distance between the atomic planes was 0.307 nm [24,25].
The applied digital method for lattice fringe spacing measurements in
HRTEM images, Fig. 2(d), reveals the periodic atom arrangement of the
2D-MoS, at a selected location, in which the interplanar spacing was
measured to be 0.307 nm according to the periodic pattern in the lattice
fringe image, matching up with that of the (004) facet of 2D-MoS,
(3.07 A).

Raman spectrum, Fig. 3(a), exhibited A;; and Eég bands as expected
for bulk MoS, (381.6 and 407.2cm™!), regarding to the hexagonal
lattice structure of the material [26-28], and a shift of these bands was
observed for the exfoliated material (379.2 and 404.1cm™!). The
smaller frequency difference between these bands as comparing bulk
MoS, (25.6 cm ™) and 2D-MoS, (24.9 cm ™ 1) indicates the exfoliation
process occurred and the exfoliated sample presents on average 4 layers
thickness [29,30].

Fig. 3(b) shows AFM image of the surface morphology of the 2D-
MoS, flakes. Furthermore, in the highlight of Fig. 3(b) show the profile
of the exfoliated 2D-MoS, flakes swept along the solid line shown in
Fig. 3(b) and the following thickness was estimated to be 3.23 nm. This
result confirms the estimated of 4 layers performed by the Raman
spectroscopy technique.

3.2. Magnetic characterization

Magnetization analysis, Fig. 4, was performed applying a magnetic
field up to 70kOe, in a wide temperature range (3-300 K) to the 2D-
MoS, flakes. The magnetic field was applied perpendicularly to the
basal plane (c direction in the MoS, structure) and parallel to the plane
of the sample, rotating the angle in 0, 45 and 90°. In all temperatures,
the sample exhibited a diamagnetic contribution due to Si substrate,
which was subtracted from all curves, Fig. 4. Besides, we observed that
a paramagnetic contribution associated to defects is present in the
sample [31]. An extension of the anisotropy separation method pro-
posed by Rochette et al. [32] was applied in the magnetization curves in
order to subtract the paramagnetic phase contribution of the total an-
isotropy to obtain the ferromagnetic phase anisotropy. This subtraction
was performed using a linear regression in the high field region
(H > 40 kOe) to calculate the high field magnetic susceptibility (ur)-
The contribution of the ferromagnetic anisotropy is usually saturated in
high fields region; therefore, it doesn’t influence the linear relation
between magnetization and external magnetic field from the para-
magnetic phase contribution. And finally, multiplying yur by external
magnetic field intensity and subtracting the measured magnetization
).

The magnetization curves measured at 3 K in the different directions
of H applied in relation to the basal plane of the sample, Fig. 5(a), are
narrow hysteresis cycles [33,34], representative of ferromagnetic sys-
tems. Besides, the narrow hysteresis cycles in the different directions of
H applied parallel to the basal plane of the sample are isotropic, since
the curves present the same S shape, with a small coercive field of 40 Oe
(inset). Whereas 2D-MoS,, flakes magnetic response changes as a func-
tion of the field direction, since the curve of the perpendicular mea-
surement is typical of a ferromagnetic material [35,36], with a coer-
civity of 100 Oe (inset). This anisotropy was demonstrated in a large
range of temperature, owing to the fact that the experiments performed
up to 300K resulted in very similar curves when compared to the 3K
measurements, Fig. 5(b).

In the narrow hysteresis cycles in different directions of applied H
parallel to the basal plan, Fig. 5(a) and (b) the saturation magnetization
was reached in a less intense saturation field (H;) when compared to the
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Fig. 1. SEM images of (a) bulk-MoS,; and (c) 2D-MoS, sheets. Histograms and Lognormal function adjust of the basal plane area of (b) bulk MoS, flakes and (d) 2D-

MoS,, sheets.

Fig. 2. (a) TEM, (b) HRTEM images, (c) electron diffraction pattern and (d)
lattice fringe spacing patterns of 2D-MoS.

value obtained when the field was applied in the perpendicular direc-
tion. As a consequence, the preferential magnetization direction is
parallel to the sample plane, equally easy for the angles 0, 45 and 90°,
resulting in an easy magnetization plane. This dependence of the
magnetization vector with respect to the directions of H applied in re-
lation to the basal plane of the sample could be attributed to the fact
that in 2D systems, with a honeycomb structure, the energy balance
between the terms of kinetic, Colombian, spin-orbit and orbit-

crystallographic axes energies, that control the ferromagnetic ordering,
spin-orbit and the orbit-crystallographic axes interaction of the states
on the zigzag edges, is not conventional [37].

The saturation magnetization (M) decreases on temperatures up to
30K, Fig. 5(c), and above 30K, M; is no longer dependent on the
temperature. Below 30K, M measured in c direction increases, two
times higher than the values observed to the other directions. Whereas
the values are barely distinguishable for the measurements performed
at room temperature (~0.11 emu.g_l) [38]. These induced total mag-
netic moments are ten times smaller than the value obtained for MoS,
synthetized films with vertically-oriented edges [39], a hundred times
higher than total spontaneous magnetic moment reported as a con-
sequence of decompensated spins in MoS, nanosheets edges [40], and
in the same order of magnitude of a bulk MoS, proton irradiated or
annealed in H, atmosphere [19] and MoS, sheets obtained by chemical
vapor deposition (CVD) [36]. This evidence suggests our 4 layers MoS,
have approximately the same quantity of free spins of proton irradiated
MoS, and the MoS, produced by CVD.

The relation of the coercive field H.(T) with the temperature in
different directions of the applied H in relation to the basal plane of the
sample, Fig. 5(d), shows while the H.(T) measured in the directions of
applied H parallel to the plane of the sample presented a well-known
decay with temperature, the H.(T) measured from the magnetization
curves measured in the directions of H applied perpendicular to the
plane of the sample exhibits an unusual behavior up to 30 K, decreasing
to 60 K, and then remaining almost constant up to 300 K. Moreover, the
intensity of H(T) is higher in the direction of H applied in the per-
pendicular direction than in H in the parallel direction over the wide
temperature range (3-300 K). This anomalous behavior of Hc in rela-
tion to the temperature can be well understood when considering that
H. is related to the effective anisotropy constant by the Eq. (1),

1/2
_ %Ky [1 ~ ( ) ]
M;

25ky T

H,
Ky V

®
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Fig. 3. (a) Raman spectra of bulk-MoS, (blue) and 2D-MoS, (green). (b) Show the surface morphology of the 2D MoS, flakes measured by the AFM technique. In the
highlight of (b) show the profile of the exfoliated 2D-MoS, flakes swept along the solid line represented in (b). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

where M is the saturation magnetization, K, is the effective aniso-
tropy constant per unit volume and V is the volume. The coercive field
is proportional to the effective anisotropy constant and can be calcu-
lated from the areas of the magnetization curves obtained for each di-
rection. As the sample presents an easy plane of magnetization, the
necessary energy for the applied H, perpendicular to the basal plane of
the sample, to rotate the magnetization until reaching the saturation
will be higher, due to the boundary condition imposed on the surface of
the system in the orbital motion of the decompensated spins of the 2D-
MoS, contour than when it is applied parallel to the plane. Therefore,

the coercive field in the perpendicular direction is higher than in the
parallel direction over a wide temperature range (3—-300 K). The H.(T)
in perpendicular direction to the basal plane of the sample can be un-
derstood in terms of the influence of the temperature on the magnetic
anisotropy energy. Initially He(T) increases with temperature because
the thermal fluctuations induce a smooth displacement of the direction
of the magnetization vector relative to the easy plane. Increasing the
interaction of the orbital motion with the surface of the system and
consequently the energy of the barrier. Thus, thermal fluctuations lead
to a greater displacement of the direction of the magnetization vector
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Fig. 4. Magnetization curves data (M vs. H) taken at 3K (a), (c) and room temperature 300 K (b), (d) when external applied field is perpendicular and parallel in
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Fig. 5. Magnetization curves at 3K (a) and 300K (b) after paramagnetic background subtraction, indicate ferromagnetic signals of the 2D-MoS, sheets; saturation
magnetization Ms (c) and coercive field He (d) vs. temperature curves when external applied field is perpendicular and parallel in angles of 0, 45 and 90° to the basal

planes of the 2D-MoS, sheets.

until the contour condition imposed by the surface of the system pre-
vents such an increase in the displacement of the direction of the
magnetization vector.

4. Conclusion

The findings of this study indicate 2D-MoS, sheets prepared by li-
quid exfoliation method show obvious ferromagnetic order, even at
room temperature. Furthermore, the dependence of the coercive field
He(T) with the temperature measured in different directions of the
applied H in relation to the basal plane of the sample was useful in
investigations of magnetic anisotropy, showing that there is a pre-
ferential magnetization plane parallel to the basal plane. These remarks
can lead to a large range of new applications in which magnetic func-
tionalities are fundamental, such as information storage.
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