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Controlling Ferromagnetic Easy Axis in a Layered MoS, Single Crystal
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We report the effective methods to induce weak ferromagnetism in pristine MoS, persisting up to room
temperature with the improved transport property, which would lead to new spintronics devices. The
hydrogenation of MoS, by heating at 300 °C for 1 h leads to the easy axis out of plane, while the
irradiation of proton with a dose of 1 X 10'3> P/cm? leads to the easy axis in plane. The theoretical

modeling supports such magnetic easy axes.
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After the successful fabrication of single layer graphene,
graphene is actively being pursued as a material for
postsilicon electronics [1]. Along with unique transport
characteristics, the magnetic property would attract much
attention to prospective spintronic applications [2]. Since a
proton irradiated graphite showed convincing evidence for
weak ferromagnetism in pure carbon [3], the defect-
induced ferromagnetism in the diamagnetic graphite or
graphene has renewed great attention [4-10]. However,
graphene does not have a band gap which is necessary for
conventional semiconductor device applications. Although
a small band gap opens by breaking the symmetry of the AB
stack in bi- or trilayer graphenes or by tailoring them into
nanoribbons [11,12], these methods have serious limita-
tions in opening a reasonably large gap as well as fabricat-
ing defect-free nanoribbons without disorder.

On the other hand, a single-layer molybdenum disulfide
(1L-MoS,) is a direct-gap semiconductor with a band gap
~1.8 eV [13,14]. Furthermore, 1L-MoS, has shown an
excellent current on-off ratio of 1 X 10° and the ultralow
standby power dissipation in a field-effect transistor (FET)
[15]. Many theoretical studies have suggested that,
although bulk MoS, is a diamagnetic material like graph-
ite, the MoS, becomes ferromagnetic when MoS, nano-
ribbons are formed with zigzag edges, defects are induced,
or nonmetals such as H, B, C, N, and F are absorbed
[16-21]. Experimentally, while the significant ferromag-
netism (1-2 emu/g) was obtained in the vertically aligned
nanosheets with a high Curie temperature (7¢) of 685 K
[22], the very weak ferromagnetism has been obtained in
the freestanding nanosheets [23] and in the bulk MoS,
irradiated by proton [24], which increases the T up to
895 K. Further, the existence of magnetism in the pristine
MoS, has been reported despite that there are differences
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depending on the layer thickness [25,26]. Such unexpected
ferromagnetic behavior, which is ascribed to edge states
and defects, is much different from the traditional ferro-
magnetism and the d° ferromagnetism in graphite and
graphene. Exploration of new kinds of materials with
unusual ferromagnetism and understanding the mechanism
are of great importance.

In this Letter, we report two effective methods to induce
the ferromagnetic order, which persists up to room tem-
perature (RT), from a diamagnetic MoS, single crystal by
either employing proton irradiation or annealing the mate-
rial in the hydrogen ambient condition. While the former
method enables the layered MoS, to have the easy axis in
plane, the latter enables it to have the easy axis out of
plane, resulting in the improved transport property.

For the hydrogenation and the proton irradiation, several
pieces (~ 3 X 3 X 0.2 mm?, ~0.001 g) were snipped from
a large natural-single crystalline MoS,. In the case of hydro-
genation, the pristine samples were introduced into the fur-
nace, where the hydrogen gas (purity of 99.999%) was filled
up to 1 X 10~! Torr from the base pressure of 1 X 1073 Torr
and then annealed at several different temperatures of 200 °C
(Ha),300°C (Hb),and 400 °C (Hc) for 1 h, respectively. In
the case of the proton irradiation, an accelerating energy of
10.0 MeV was employed. The penetration depth with a beam
size of ~36 mm? was approximately 0.4 mm based on the
simulation with the stopping range of ions using the matter
(SRIM) program. The irradiated doses of the above samples
were 1 X 103 P/cm? (Pa) and 1 X 10 P/cm? (Pb),
respectively, where P indicates the number of protons [27].

Figure 1 shows the temperature dependence (between 2
and 300 K) of mass magnetizations, which were obtained
in the zero-field-cooled (ZFC) and the field-cooled (FC)
modes under an external magnetic field of H = 10 kOe.
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FIG. 1 (color online). dc magnetization (in units of 1 emu =
1073 Am?) between 2 and 300 K with the application of an
external magnetic field (H) of 10 kOe (1 Oe = 10° /47 Am™!)
parallel (a), (c) and perpendicular (b), (d) to the basal plane (ab
direction) of samples. ZFC (solid symbols) and FC (open sym-
bols) indicate the zero-field-cooled and field-cooled modes,
respectively. (Hydrogenation Ha: 200°C, Hb: 300°C, Hc:
400 °C, Proton irradiation Pa: 10'* P/cm?, Pb: 10'* P/cm?).

The pristine MoS, showed a diamagnetic property by
retaining the negative susceptibilities which are almost
independent of the temperature, despite the applied
magnetic field. At RT, the background diamagnetic
susceptibilities of the pristine MoS, were —2.1 X 107>
and —8.5 X 107® (emu/gOe) along the in-plane and out-
of-plane directions, respectively. Note that the pristine
MoS, has more pronounced diamagnetic behavior in the
in-plane direction. This is contrasted with the natural
graphite in which the diamagnetic susceptibility of the
in-plane direction —3.9 X 1073 emu/gOe) is slightly
smaller than that of the out-of-plane direction —4.3 X
1075 emu/gOe) [9]. As compared with the weakly in-
duced ferromagnetism on the graphite by the formation
of defects [3], MoS, may be more efficient to induce the
ferromagnetic state due to the smaller diamagnetism, espe-
cially in the out-of-plane direction.

This diamagnetic property of the MoS, changed either
by hydrogenation or irradiation of proton. Interestingly, the
magnetic anisotropy behaviors are evident in the tempera-
ture range between 60 and 300 K. In the case of hydro-
genated samples, the obtained magnetization response is
larger in the out-of-plane direction [Fig. 1(b)] than in the
in-plane direction [Fig. 1(a)]. Especially, the Hb sample
has the positive magnetization along the out-of-plane di-
rection. In contrast, while the Pb sample (higher dose of
irradiation) retains the similar and negative magnetizations
in both directions, the Pa sample (lower dose of irradia-
tion) has the positive magnetization along the in-plane

direction. With lowering the temperature below 60 K, the
magnetization response becomes positive. As the tempera-
ture is further lowered, the low-field susceptibility y =
M/ H following the Curie law y o 1/T seems to have the
typical paramagnetic behaviors [9]. On the other hand, the
magnetization curves between 20 and 60 K deviate slightly
from the Curie law, especially with the divergence between
the ZFC and FC data of the Hb sample. Furthermore, the
magnetization of the Hb sample above 60 K is more
negative than that of the pristine sample. These magnetic
anomalies are supposed to be due to the existence of the
antiferromagnetic state competing with the ferromagnetic
order [28,29].

Figure 2 exhibits the magnetic hysteresis loops in the
magnetic field region of =3 kOe measured at 300 K. The
pristine MoS, shows the negative slope of the hysteresis
loop, supporting the diamagnetic property as shown in
Fig. 1. The value of negative slope is larger in the direction
of in plane (2 X 107?) than out of plane (8 X 10~°). These
results confirm that the diamagnetism of MoS, is larger in
the in-plane direction as discussed in Fig. 1.

The negative slope of the pristine MoS, changes upon
hydrogenation and proton irradiation and further becomes
positive at a certain condition. As shown in the M-T curves
of Fig. 1, the anisotropic behaviors are evident between
two methods. In the case of the hydrogenated samples, the
hysteresis loops of the Ha and Hb samples display an s
type of ferromagnetic hysteresis along the out-of-plane
direction [Fig. 2(b)], while the hysteresis loops along the
in plane still remains diamagnetic [Fig. 2(a)], despite the
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FIG. 2 (color online). Magnetic hysteresis loops at room tem-
perature (300 K) in the presence of applied magnetic field H
parallel (a), (c) and perpendicular (b), (d) to the hydrogenated
(a), (b) and proton irradiated (c), (d) samples, respectively. Note
that the diamagnetic background of the pristine MoS, was not
subtracted.

247201-2



PHYSICAL

PRL 110, 247201 (2013)

REVIEW LETTERS

week ending
14 JUNE 2013

(a) MoS,

(b) Ha

30.0
20.0

10.0
0.0
-10.0
-4.0

3.79
3.70
3.65
3.60
3.55
3.52

-20.0
-25.4

3.39

3.30
3.25
3.20
3.15

3.10

3.03

3.80 3.35

3.30
3.70

3.65 3.25
3.60
3.55 3.20

3.50

3.46 3.14

el W y e tds
3.2
3.2 2.6

(c) Hb (d) Pa

2.8

AFM Topography (a) — (¢): nm, (d): um, MFM Field Contrast (a) — (d): x 10

FIG. 3 (color online).

Images of AFM and MFM. Top panels correspond to the images of atomic force microscopy for (a) the pristine

MoS,, hydrogenated at (b) 200 °C and (c) 300 °C, and (d) proton irradiated at the dose of Pa (1 X 10'®> P/cm?). The scan areas are
20 X 20 um?. Center and bottom panels are the corresponding images of the magnetic force microscope at the distances of 30 (center)
and 80 nm (bottom) between the tip and sample surface, respectively.

slope change of the loop and the very weak rectangular
hysteresis between =1 kOe.

In the case of proton irradiation, especially the hysteresis
loop of the Pa sample shows the ferromagnetic behavior
along the in-plane direction. The saturated magnetization
(M) at 3 kOe is 0.055 emu/g, which is approximately 3
times smaller than that of the Hb sample (0.18 emu/g).
Although these values of Mg are much smaller than those
of MoS, nanosheets (~1-2 emu/g) [22], they are larger
than the total magnetic moments induced for defects of
graphite and graphene [3,9], implying that MoS, contain
more defects as well as free spins at the edges and broken
bonds. The details will be explained later. Interestingly, the
hysteresis loop of the Pa sample along the out-of-plane
direction exhibits the enhanced coercivity (300 Oe). On the
other hand, the Pb and Hc samples do not show the
anisotropy behavior. It is consistent with the M-T results
of Fig. 1. It is notable that there were characteristic differ-
ences at low temperatures, and in higher magnetic field
ranges at RT [27].

Figure 3 shows the topographic images of the samples
obtained by atomic force microscopy (AFM, upper panels)
with the scan area of 20 X 20 wm? and their corresponding
magnetic force microscopy (MFM) images measured at the
scan height, the distance between the tip of MFM and the

surface of sample, of 30 nm (middle panels) and 80 nm
(bottom panels). In Fig. 3(a), the AFM and MFM images of
the pristine MoS, represent the flat terraces and no distinc-
tive features. On the other hand, the topography of the Ha
sample [Fig. 3(b)] indicates many flakes on the surface.
These flakes become evident in the MFM image of scan
height 30 nm. Further, the image of 80 nm scan height
more clearly shows the edges, i.e., the boundaries of the
flakes. These edges are supposed to be responsible for the
magnetic ordering and have been revealed in the ferromag-
netic MoS, nanosheets [22-24]. The topography of the Hb
sample [Fig. 3(c)] shows the more flat surface in compari-
son with the pristine MoS,. Surprisingly, the weak images
of magnetic domains in the MFM image of 30 nm become
strong in the MFM image of 80 nm.

On the other hand, the topography of the Pa sample
[Fig. 3(d)] is clearly different from the hydrogenated
samples and mainly consists of the nanoparticle assembles,
approximately 300 nm size. The irradiation of proton
with high energy (10 MeV) is supposed to break the
strong Mo-S covalent bonding and results in the formation
of nanoparticles which produce myriads of edges.
Accordingly, the MFM image for 30 nm shows weak
magnetic domains among the assembled nanoparticles.
Furthermore, these magnetic domains become clear.

247201-3



PRL 110, 247201 (2013)

PHYSICAL REVIEW LETTERS

week ending
14 JUNE 2013

However, they are not strong compared to the MFM image
of the Hb sample and so the patterns of assembled nano-
particles become blurred. The magnetic orderings along the
in-plane direction merge due to the edges of nanoparticles.

In order to clarify the influence on the transport proper-
ties, the electrical resistivity and Hall effect (with an exter-
nal field of 5 kOe) were measured by using the standard
four-probe method. With lowering the temperature (350 to
75 K) as shown in Fig. 4(a), the resistivity (left axis)
increases, and the carrier concentration (right axis), which
was derived from the Hall measurement, decreases, con-
firming an n-type semiconductor. In comparison with the
pristine MoS, [Fig. 4(b)], the resistivity or carrier concen-
tration of the Hc¢ sample slightly decreases or increases. On
the other hand, the other samples have the significantly
reduced resistivities and increased carrier concentrations
in the order of 10°. However, they still retain the semi-
conducting behaviors. Figure 4(c) plots the saturated mag-
netizations of both in plane and out of plane with respect to
the corresponding carrier concentrations, obtained at RT.
Especially, the Hb sample has the largest carrier concen-
tration and magnetic moment among all samples. This
indicates that the induction of magnetic ordering on the
diamagnetic MoS, by hydrogenation and proton irradiation
is accompanied by the enhanced carrier concentration near
the Fermi energy. In particular, the hydrogenation would
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FIG. 4 (color online). (a), (b) Resistivity (p, left axis) and
carrier concentration (n,, right axis) as a function of temperature
(75-350 K). (c) The relation of the saturated magnetization Mg
in the direction of both in plane and out of plane with n, derived
from the Hall measurements at RT. Closed (open) symbols
correspond to left (right) axis.

be the main mechanism for the enhancement of the mobility
on the single-layer MoS, transistor [15,30].

Finally, computational models [27] corresponding to the
two experimental methods for hydrogenation and proton
irradiation were assumed as follows: (a) the first model
consists of a 4 X 4 supercell of 1L-MoS, with one Mo and
two S vacancies (MoS, triple vacancies) so that totally 15 Mo
and 30 S atoms existed within this supercell and (b) the
second one also consists of a 4 X 4 supercell with an atomic
H adsorption as illustrated in Figs. 5(a) and 5(b), respectively.
Recently, it has been revealed that among five different types
of vacancy defects such as Mo and S single vacancies, S, and
MoS double vacancies, and the MoS, triple vacancies, only
the last one has significant magnetic moments in the 7 X 7
supercell [21]. For the adsorption site of H, a recent first-
principles calculation [31] found that a H atom on top of an S
atom with the angle § = ~40° (between the H—S bond and
the planar S layer) is the most stable site. For the calculation
of magnetocrystalline anisotropy (MCA), we adopted ~6%
concentration of the MoS, triple vacancies and a hydrogen
atom within the 4 X 4 supercell.

In spin-polarized calculations, the ferromagnetic states
for MoS, with the MoS, vacancy [21] and the H adsorption
[19] of the total magnetic moments 1.989 and 0.999 wp,
respectively, are favored by 277 and 108 meV over the
nonmagnetic state. The contribution of the adatom H to
the total magnetic moments is very similar between mono-
layer MoS, and graphene, indicating the similar mechanism
of forming magnetic moment [19]. However, the spin-
density distribution is strongly around Mo atoms for both
systems. Therefore, the magnetization should mainly be
attributed to the result of exchange splitting in d bands. In
contrast to the calculation, however, the magnetic moment
of hydrogenated sample Hb is much larger than that of
proton irradiated sample Pa. Similar to the case of graphene
[8], the hydrogenated atoms at vacancies can mediate
the local magnetic moments of vacancies in the proton
irradiated sample.

Subsequently, according to the MCA [27], defined as the
difference of the single-particle energies of all occupied

(a) MoS, vacancy

(b) H-adsorption

FIG. 5 (color online). Top views of the isosurface plot of the
spin density for MoS, vacancy (a) and H-adsorption (b). The
calculated hexagonal 4 X 4 supercell of 1L-MoS, is denoted
with the black line, and the blue isosurface (isosurface value =
0.005 ¢/a.u.’) represents the spin density. The red, yellow, and
black balls represent Mo, S, and H atoms, respectively.
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states between the in-plane and out-of-plane magnetization,
the MCA energies (Eyca) for MoS, vacancy and H adsorp-
tion are calculated to be —132.3 and —11.2 ueV, respec-
tively. Negative values indicate that the in plane is more
stable. Even though both systems prefer in-plane magneti-
zation, the Ey;c5 of H adsorption is ~12 times smaller than
that of MoS, vacancy. Therefore, the magnetic order of the
hydrogenated sample would easily change by thermal fluc-
tuation, hydrogen coverage, or multilayering.

In conclusion, we found the effective methods to induce
the weak ferromagnetism on the pristine MoS, with the
improved transport property. The hydrogenation (recon-
struction of the lattice) of MoS, by heating at 300 °C for
1 h leads to the easy axis out of plane, while the proton
irradiation (the defect-mediated formation of edge states)
with the dose of 1 X 10'3 P/cm? leads to the easy axis in
plane [24]. The MFM results and computational modeling
clearly support the experimental results of the magnetic
easy axis of MoS,. These methods could be applied for
other transition-metal dichalcogenides, 2H-M X,(M = Mo,
W; X =S, Se, Te) because of the giant spin splittings [32].
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