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Abstract: Ferromagnetic materials have been attracting great interest in the last two decades due to
their application in spintronics devices. One of the hot research areas in magnetism is currently the
two-dimensional materials, transition metal dichalcogenides (TMDCs), which have unique physical
properties. The origins and mechanisms of transition metal dichalcogenides (TMDCs), especially the
correlation between magnetism and defects, have been studied recently. We investigate the changes
in magnetic properties with a variation in annealing temperature for the nanoscale compound MoS;.
The pristine MoS; exhibits diamagnetic properties from low-to-room temperature. However, MoS;
compounds annealed at different temperatures showed that the controllable magnetism and the
strongest ferromagnetic results were obtained for the 700 °C-annealed sample. These magnetizations
are attributed to the unpaired electrons of vacancy defects that are induced by annealing, which are
confirmed using Raman spectroscopy and electron paramagnetic resonance spectroscopy (EPR).
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1. Introduction

Currently, 2D materials are urgently needed for the nanoscale efficient device fabrica-
tion and the material-properties engineering arising from their two-dimensional advan-
tages [1-7]. Transition metal dichalcogenides (TMDCs), among 2D materials, have been
chosen to be suitable candidates for nanoscale semiconductor devices [4,5], and TMDCs
have extraordinary magnetic [6—10], mechanical [8], electrical [11,12], and optical [13,14]
properties. Furthermore, due to its superb electrical characteristics such as the large switch-
ing ratio achieved for a device and strong spin-orbit coupling, MoS, has been considered as
a promising material for spintronics applications. Therefore, experimental and theoretical
studies have reported that ferromagnetism can be generated in MoS, by doping transition
metals into MoS, [15-21]. This kind of material is called diluted magnetic semiconduc-
tors (DMSs). These electronic devices using DMSs can have useful magnetic ordering in
semiconductors devices for exploiting spin rather than charge [22-26].

On the other hand, the presence of defects can also generate magnetism in pristine or
doped MoS, [6-10]. In addition, the annealing can induce a healing process of structural
defects. For example, the relationship between vacancies and annealing was studied in
single-walled carbon nanotubes, where the semiconducting properties of the field-effect
transistor device were improved [27,28].

In this study, we perform annealing on MoS; compound at various temperatures
to investigate the effects of defect structure on magnetism. Herein, we report that the
MoS; compounds annealed at different temperatures show ferromagnetism without the
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doping of any transition metal elements. The pristine MoS, without annealing displays
diamagnetic behavior. According to our results, the density of sulfur vacancies in MoS,
indicates a strong relationship with ferromagnetism, which acts as the core factor for
enhancing ferromagnetism in MoS, through annealing. Therefore, this study can shed light
on the mechanism of ferromagnetism induced by defects as well as the 2D-based diluted
magnetic semiconductor for spintronics devices.

2. Materials and Methods

MoS, compounds were purchased from RND Korea (Gwangmyeong, Republic of Korea),
and they have a diameter of 800 nm and a thickness of 100 nm on average. We carried
out annealing of MoS; compound in a tube furnace and used an alumina crucible for the
employment of MoS, compound at the center of the furnace. Before annealing the sample,
we purged the furnace with argon gas for half an hour and then heated it up to the intended
target temperature (400, 700, and 900 °C) by 5 °C/min at a gas flow of 50 sccm. And the
annealing time of the sample was set to one hour under an argon atmosphere. We assigned
the name of the annealed samples as the annealing temperature.

The crystal structure, the phase of the samples, and the presence of impurities were
evaluated using X-ray diffractometry (XRD, Ultima IV, Rigaku, The Woodlands, TX, USA,
Cu Ka radiation). Raman spectra for the compound-samples are evaluated for the excitation
wavelength, 514.5 nm, at room temperature, using a spectrometer (Horiba Jobin-Yvon,
Oberursel, Germany, HR800UV). X-ray photoelectron spectroscopy (XPS, Versaprobe II
ULVAC-PHI) was used for the evaluation of electronic structure. Additionally, the electron
paramagnetic resonance spectroscopy (EPR, CW /Pulse EPR System) was utilized to detect
the possible sulfur vacancies. And high-resolution transmission electron microscopy (HR-
TEM) was measured for the crystal lattice and electron diffraction (JEM-2100F, JEOL,
Tokyo, Japan).

Finally, for the magnetic evaluation of the samples, a superconducting quantum
interference device (SQUID, MPMS, Quantum Design, San Diego, CA, USA) was used, and
the temperature-dependent magnetization was also measured. The magnetic measurement
was performed for the ferromagnetic hysteresis ranging from —3000 to +3000 Oe. The
applied fields for the temperature dependence of magnetization are 3000 Oe (FC).

3. Results and Discussion
3.1. XRD and Raman Spectra

Figure 1a shows the single-phase XRD patterns of pristine MoS; and MoS, compound
samples annealed at 400, 700, and 900 °C. The patterns indicate 2H phases (P63/mmc).
The redshifts of 0.04 degrees in phases in the (002) peak in the annealed MoS; samples for
the pristine MoS; are observed. The enlarged zone of the (002) peak is shown in the inset
of Figure 1a for a better comparison. The positions of all the peaks in the three annealed
samples are the same, whereas the intensity of the samples is slightly different. This means
that the annealing has little influence on the structure of the MoS, compound, and the
structural stability is valid for the temperature variation.

Raman spectroscopy has been considered as a powerful measurement technique to
explore various properties of two-dimensional materials, such as the transition metal
dichalcogenide (TMDC) of MoS;. For instance, the doping conditions and the information
of layer numbers of 2D flakes can be estimated from the peak shifts or frequency differ-
ences of the in-plane mode of Elzg and the out-of-plane of Az modes [29]. As shown
in Figure 1b, MoS, compounds have two dominant Raman peaks. The peak of pristine
MoS; at ~405.16 cm~! corresponds to the out-of-plane vibration of A1g mode, whereas the
peak at ~379.24 cm ! is the result of the in-plane vibration of E! 2¢ mode. The thickness
of MoS; compound can be identified by measuring the frequency differences between the
two modes, the Ajg and Elzg modes. Our powder samples are approximately 800 nm in
diameter and 100 nm in thickness. Here, the frequency difference between the two modes
of pristine samples is ~25.92 cm !, which corresponds to the value of bulk MoS; [28].
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Some studies also report that the Az mode of MoS, as well as the E! 2¢ mode show a blue
or red shift caused by p- or n-type doping [30,31]. Here, two peaks redshift to a lower
frequency region as the annealing temperature increases, up to 700 °C, and again shift to a
slightly higher frequency region. Although the shape of the peak maxima is not perfect,
considering the step for measurement, 2 cm~!, the shift is apparent in the low-frequency
region. The values of shifts for each spectrum are 2, 4, and 2 cm™~1 for 400°C-, 700°C-, and
900°C-annealed samples.
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Figure 1. (a) XRD diffractograms of the pristine and annealed MoS, compounds, and (b) Raman
spectra of the pristine and annealed MoS, compounds.

This behavior has been shown in previous studies [32]. Sulfur vacancies can be
induced owing to sulfur decomposition at highly elevated temperatures, which generate
unpaired electrons and n-type doping [33]. Tiny red shifts of 900 °C-annealed sample,
restored from the 700 °C-annealed sample, can be seen from the two modes of Raman peaks.
Thus, optical healing at a high temperature of 900 °C reduced the density of unpaired
electrons, which is consistent with the EPR results, which will be discussed later. However,
these shifts are interpreted as the generation of unpaired electrons via annealing.

3.2. XPS Spectra

XPS is a sensitive and useful tool to identify the electronic structure such as chemical
composition and stoichiometry of chemical materials like MoS, compound. Figure 2
shows the core level spectra, demonstrating the binding energy profiles for Mo 3d and S
2p elements of MoS; compound. Three peaks of the XPS spectra, depicted in Figure 2a,
recorded at 231.12, 228.01, and 225.09 eV for the pristine MoS, compound are assigned to
the Mo 3d3,,, Mo 3d5,,, and S 2s, respectively. The positions of these peaks indicate a 4+
valence state of Mo from pure MoS, phase, which agrees with another study conducted for
MoS, crystals [34]. Compared to the pristine MoS; compound, all annealed compounds
indicate no peak shift in binding energy except the 700 °C-annealed sample. It means
that the redistribution of the localized charges, owing to the formation of sulfur vacancies,
happens only in the 700 °C-annealed sample; sometimes, the introduction of unpaired
electrons caused by vacancy generation produces charge redistribution [35], an n-type
doping effect, in MoS,. However, there is no doping effect in the electronic structure
of XPS spectra except the 700 °C-annealed sample. We hypothesize that this may cause
a sensitivity problem of XPS for different samples. In Figure 2b, a similar tendency is
shown for S 2py/, and S 2p3,, doublet states, with the binding energy of ~162.02 and
~160.85 eV, respectively.



Nanomaterials 2024, 14, 334

40f7

—— 900 , S2p [—900

| —— 700 : *Fl—700

1) Mo3d,, sap !

' —— 400 ' e 4000
Pristing —— Pristine

Intensity (a.u.)
Intensity (a.u.)

5 170 165 60 155
Binding Energy (eV)

235 230 225 220
Binding Energy (eV)

240

Figure 2. XPS spectra of the pristine and the annealed MoS, compounds for (a) Mo 3d and (b) S 2p.
3.3. EPR Spectra and TEM

The increase in vacancy density as annealing temperature increases is identified using
the EPR spectra at room temperature together with the Raman shift, which is already
mentioned in Figure 1b. The energy difference detected in EPR is attributed to the mutual
interaction between the unpaired electron and the external magnetic field. The direction
of electron magnetic moment can be parallel or anti-parallel to the magnetic field. Then,
the calculation of g-factor can be performed with the following formula; AE = g3By (=hv).
Here, {3 is the Bohr magnetron, and By is an external magnetic field.

The EPR of the annealed samples displays extremely broad derivative-shaped transi-
tions that are consistent with ferromagnetic resonance. Like the increase in vacancy density
in Figure 1b, the paramagnetic signals also demonstrate the intensified signal of unpaired
electrons in annealed samples, which is the strongest for the sample annealed at 700 °C. As
shown in Figure 3a, the paramagnetic signals around g ~1.966 first increase and then reach
their maximum for the 700 °C-annealed sample compound. The EPR data provide further
evidence of the sulfur vacancies as the anion vacancies supply the unpaired electrons [36].
The low-EPR intensities of 900 °C-annealed samples indicate that the annealing at 900 °C
has negative effects on the productivity of sulfur vacancies in MoS,, possibly caused by the
structural healing due to high temperatures, which agrees with Raman results.
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Figure 3. (a) EPR spectra of the pristine and annealed MoS, compounds at room temperature and
HR-TEM images (b) and selected area electron diffraction (c) of the 700-annealed sample.

The TEM measurement was carried out for the estimation of single crystal properties
and the existence of vacancy in samples. Figure 3b,c show the TEM image and the SAED
pattern of the 700 °C-annealed sample compound. These indicate that the MoS, compound
is a single crystal, and some vacancies are shown by dark points, according to lattices in
images. Therefore, the observations made based on EPR results are consistent with the
TEM data.

3.4. Magnetization

Figure 4 shows the magnetization versus magnetic field (M-H) loops and temperature
(M-T) curve of the MoS, compound. As shown in Figure 4a, the pristine MoS, compound
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indicates diamagnetic behaviors at very low and room temperatures, and this is consistent
with the general 2H-MoS; as confirmed by the XRD phase of Figure 1a because the 2H-
MoS, has no unpaired electrons. But the all-annealed MoS, compound reveals clear
ferromagnetic properties at 10 K and room temperature, as shown in Figure 4b,c. After
annealing, the magnetization of MoS, compound gradually increases and exhibits the
highest magnetization for the 700 °C-annealed sample at 10 K, as shown in Figure 4b. The
ferromagnetic properties of four compounds measured at room temperature are shown in
Figure 4c. The 700 °C-annealed sample indicates the highest remnant (M;) and saturation
magnetization (Ms) of ~0.012 and 0.033 emu/g at 10 K. The 900 °C-annealed MoS; sample
seems to possess the second low-temperature Ms, but its tendency is changed in room
temperature M-H curves. The magnetization is intensified for the 900 °C-annealed sample,
but EPR signals at room temperature, in Figure 3a, show that the density of unpaired
electrons is the highest for the 700 °C-annealed sample. Although the magnetization
is strongest in the 900 °C-annealed sample at room temperature, we confirm the best
magnetization properties are produced in the 700 °C-annealed sample.
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Figure 4. M-H characteristics of the pristine and annealed MoS, compounds from low-to-room
temperatures acquired using SQUID. (a) Pristine, (b) 10 K, (c) 300 K, and (d) M-T (FC) curve of the
700 °C-annealed sample.

According to the theoretical calculations, we know that the ferromagnetism from
nanostructure-TMDs is mostly produced by defects, either vacancies or grain bound-
aries based one-dimensional defects. In some reports of defect-related ferromagnetism
in MoS; [37,38], it was suggested that the ferromagnetic properties are attributed to the
exchange interactions between the Mo** ions and sulfur vacancies, and this is called a
bound magnetic polaron model. Therefore, according to the results of Raman, SQUID, and
EPR, annealing below 900 °C enables an increase in the density of vacancies and leads to
higher magnetization. However, further increase in the annealing temperature will heal
MoS,; structure and decrease ferromagnetic ordering as shown in a previous study [39].

Figure 4d displays the temperature dependence of magnetization of the 700 °C-
annealed MoS; compound and represents the tendency of other compounds. The M-T
curves were obtained under the applied fields of 3000 Oe (FC). The temperature-dependent
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magnetization using our MPMS SQUID system has a limitation of increasing temperature.
According to the continuous temperature dependence of magnetization above room tem-
perature, the transition temperature, or Curie point, is expected to be higher than 350 K. As
a result, the temperature dependence of magnetization (FC) displays a general magnetic
compound property at very high temperature [9]. MoS, samples annealed at various tem-
peratures show the tendency of contributing unpaired electrons; higher vacancy density
shows higher magnetization with temperature variation.

4. Conclusions

In conclusion, we carried out the annealing of MoS, compounds, which can produce
ferromagnetic properties due to defect generated by annealing. It is confirmed that the
annealing can induce an increase in sulfur vacancies in the MoS, sample, which increases
the number of unpaired electrons. The annealed compound shows ferromagnetic properties
with Tc above room temperature, in addition to the diamagnetic phases in the pristine
sample. The highest remnant and saturation magnetization are achieved in the sample
annealed at 700 °C. The 700 °C-annealed MoS; compound has the highest density of
vacancies, as confirmed with EPR, suggesting vacancies play a significant role in improved
ferromagnetism. This means that the magnetism of TMDCs can be controlled via defect
engineering, which provides the valuable routes for the magnetic applications of future
spintronic devices.
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