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ABSTRACT: Reversible manipulation of the magnetic behavior of two-
dimensional van der Waals crystals is crucial for expanding their
applications in spin-based information-processing technologies. However,
to date, most experimental approaches to tune the magnetic properties are
single way and have very limited practical applications. Here, we report an
interface charge-transfer method for obtaining a reversible and air-stable
magnetic response at room temperature in Mn-doped MoS, nanosheets. By
adsorption of benzyl viologen (BV) molecules as the charge donor, the
saturation magnetization of Mn-doped MoS, nanosheets is enhanced by a
magnitude of 60%, and the magnetization can be restored to the original
value when the adsorbed BV molecules are removed. This cycle can be
repeated many times on the same sample without detectable degradation.
Experimental characterizations and first-principles calculations suggest that
the enhanced magnetization can be attributed to the increase of Mn
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magnetic moment because of the enriched electrons transferred from BV molecules. This work shows that interface charge
transfer may open up a new pathway for reversibly tuning the exchange interactions in two-dimensional nanostructures.

KEYWORDS: 2D van der Waals crystals, interface charge transfer, reversible manipulation, magnetic interaction,

first-principles calculations

B INTRODUCTION

Two dimensional (2D) van der Waals crystals with long-range
ferromagnetic ordering have attracted recent attention because
the combination of magnetic properties with their outstanding
mechanical, electronic, and optical properties could lead to
innovative magnetoelectric and magneto-optic applications."”
Furthermore, reversible tuning of magnetic properties at room
temperature in these 2D materials will be helpful for the
development of spintronics, logic and memory operations, and
other quantum information devices.”~> By means of reversible
transformation of the high and low magnetic states,
information storage and processing can be realized (high and
low states correspond to “1” and “0” states, respectively).
Toward this goal, different experimental approaches have been
attempted to tune the magnetism of 2D materials, such as
changing the dopant concentrations,”’ forming heterostruc-
tures,® adsorbing hydrogen at the surface,”*’ doping Li* jons,"
and so on. However, these approaches have limited practical
applications in spin-based technologies since they are single
way in altering the magnetic properties. New approaches to
render 2D materials with stable, reversible magnetism are to be

turther developed.
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Robust long-range room-temperature ferromagnetism has
been activated on MoS, nanosheets, a typical 2D material, by
using strategies of inducing defects or doping alien magnetic
ions, which have been widely applied in traditional diluted
magnetic semiconductors.”>™'> However, the ferromagnetism
of an MoS, system induced by defects such as vacancy, strain,
or zigzag edges is unstable and could hardly be controlled or
manipulated by external fields as achieved in colloidal Mn-
doped ZnO nanocrystals.'® Efforts are still underway to
develop air-stable MoS,-based materials for reversible tuning
of the ferromagnetism. Fortunately, Mn-doped MoS, nano-
sheets have been demonstrated as air-stable materials with
long-range intrinsic ferromagnetic ordering and offer an
excellent platform for magnetism transformation.'”'® Inspired
by a number of studies showing the flexible tuning of electronic
structures of 2D materials by molecular adsorption,'””’ the
magnetic behavior of Mn-doped MoS, nanosheets might also
be tuned by molecular adsorption since their magnetism is
intimately related to their electronic structures. Among a
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Figure 1. (a) TEM and HRTEM images, (b) HAADF-STEM image, and (c) the simulated image of Mn-doped MoS, nanosheets. Wavelet
transforms for the k*-weighted EXAFS signals at Mn (d) and Mo (e) K-edges for Mn-doped MoS, nanosheets. (f) Experimental and calculated Mn
K-edge XANES spectra of the Mn-doped MoS, nanosheets: the inset is the model structure of Mn occupation sites in the MoS, lattice. (g)
Magnetization vs magnetic field (M—H) curves at 300 K, (h) absorption-mode electron paramagnetic resonance (EPR) spectra, and (i) derivative-
mode EPR spectra. (j) The reversibility of the magnetism and EPR signal changes in Mn-doped MoS, nanosheets upon adsorption/desorption of
BV molecules: the inset is the schematic representation of the adsorption/desorption of BV molecules (the phenyl rings are represented by R for

simplification) on the surface of Mn-doped MoS, nanosheets.

diversity of electron-donating organic molecules, benzyl
viologen (BV) is considered as a reasonable choice. The
charge injected into the Mn-doped MoS, nanosheets could
help to control magnetic states in Mn-doped MoS, nanosheets
by tuning the band gap structure because of its lowest
reduction potentials.”’~>® In addition, the adsorbed BV
molecules can be easily removed by immersion in toluene.
As such, an adsorption/desorption process does not induce
phase transition or destroy the pristine MoS, structure, and it
possesses the ability to reversibly tune the magnetic states of
Mn-doped MoS, nanosheets through selective removal of
surface dopants. More importantly, during the adsorption/
desorption process, the injection/removal of electrons is
analogous to electrical control in spintronics devices,
suggesting the possibility of tuning the magnetism of
transition-metal-doped MoS, nanosheets by using an external
electrical field to modify the charge concentration.

In this work, we demonstrate an effective way of reversibly
tuning ferromagnetic behaviors of Mn-doped MoS, nanosheets
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by using BV molecules as a charge donor. The saturation
magnetic moment of the nanosheets increases from 0.05 to
0.08 emu/g upon BV adsorption and then reversibly returns to
0.05 emu/g after BV desorption. A combination of detailed
experimental characterizations and first-principles calculations
clarifies that in the BV-adsorbed MoS, nanosheets, the
electrons donated by BV molecules increase the magnetic
moment of Mn atoms and enlarge the radii of the bound
magnetic polaron (BMP), thus giving rise to enhanced
ferromagnetism.

B RESULTS AND DISCUSSION

The Mn-doped MoS, nanosheets were obtained by a
supercritical hydrothermal reaction (Figure S1). The morphol-
ogy of the obtained products can be directly observed by the
transmission electron microscopy (TEM) image in Figure la.
A faint contrast verifies the ultrathin nature of the nanosheets,
and the high-resolution TEM (HRTEM) image in the inset
shows the hexagonal structure of MoS, with a fringe spacing of
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Figure 2. (a) Color change from yellow to colorless of the BV solution after immersion of Mn-doped MoS, nanosheets; (b) UPS spectra; and (c)
Mo 3d and (d) S 2p XPS spectra of Mn-doped MoS, nanosheets with/without adsorption of the BV molecules. (e) Reversible redox reaction with
Gibbs free-energy difference. (f) Energy band diagram of Mn-doped MoS, and BV redox states.

~0.27 nm corresponding to the (100) planes. The cross-
sectional TEM image (Figure S2) reveals that these nanosheets
mainly contain one to five atomic layers with a layer spacing of
0.63 nm. The substitutional doping of Mn (marked by yellow
circles in Figure 1b) is convincingly evidenced by detailed
characterizations, including high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
and X-ray absorption fine structure (XAFS) spectra. We
simulated the HAADF image for the Mn-substituted
configuration, as shown in Figure lc, which is in agreement
with the experimental image (Figure 1b), as supported by the
intensity line profiles in Figure S4. The Mn substitution is
further confirmed by detailed analysis of extended X-ray
absorption fine structure (EXAFS) analysis at the Mn K-edge
(Figure SS). The wavelet transfer (WT) of the Mn K-edge
EXAFS data shows that there are two maxima (marked as A
and B) at the cross-point of R, = 1.9 A/k, = 6.8 A™' and Ry =
2.9 A/kg = 8.7 A™' (Figure 1d), just like that for the Mo K-
edge (Figure le) WT map. This implies the presence of S and
Mo neighbors surrounding Mn atoms, respectively, and affords
direct evidence for the substitution of Mn for the Mo sites in
MoS,. The main spectral features of the Mn K-edge XANES
experimental spectrum could be reproduced by XANES
calculation using FEFF8.2 code for the model of Mn-doped
MoS,, which also confirms the substitutional nature of Mn
atoms (Figure 1f). The X-ray photoelectron spectroscopy
(XPS) spectra shown in Figure S6 indicates the 2+ valence of
Mn dopants, in agreement with the theoretical calculations
later (see the Supporting Information for a detailed analysis).
Besides, the inductively coupled plasma analysis reveals that
the atomic ratio of Mn/Mo is ~3.0:97.0. All of these results
indicate the successful synthesis of Mn-doped MoS, nano-
sheets by the supercritical hydrothermal method.

To tune the magnetic behavior of Mn-doped MoS,
nanosheets, the neutral BV molecule (BV°) was used as the
surface charge-transfer donor. The reduction procedure of BV
is shown in Figure S7. We tested BV solutions with various
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concentrations (Figure S8) and chose the 10 mM solution
shown in Figure 1g as a typical case to study the role of BV in
tuning the magnetism (analysis details are given in Figure S8).
As seen in Figure S9, the pristine Mn—MoS, nanosheets
exhibit ferromagnetic behavior at room temperature because of
the well-defined hysteresis loop with a coercivity of 45 Oe, a
remnant magnetism of 0.001 emu/g, and a saturation
magnetization of 0.05 emu/g. The field-cooling and zero-
field-cooling curves (Figure S9b) suggest that the Curie
temperature (T) of the Mn-doped Mo$S, nanosheets is above
350 K. With the adsorption/removal of BV molecules, the
coercivity and saturation magnetization of the Mn—MoS,
nanosheets show reversible changes. For instance, the
adsorption of BV® molecules could significantly increase the
saturation magnetic moment of Mn-doped MoS, nanosheets
from ~0.05 to ~0.08 emu/g; after removal of the BV
molecules by immersing the nanosheets in toluene, the
saturation magnetic moment restores its original value of
~0.05 emu/g. Notably, the BV adsorption/desorption did not
change the pristine structure of the Mn-doped MoS,
nanosheets as indicated by the X-ray diffraction patterns in
Figure S10. From the electron paramagnetic resonance (EPR)
spectra of the BV-adsorbed nanosheets, the typical hyperfine
structure with six lines arising from the interaction of Mn
electron spin with its nuclear spin of I = 5/2 is broadened
considerably (Figure 1h) and the EPR signal in the derivative
mode (Figure 1i) is intensified compared to the BV-free
nanosheets. Such a change is caused by the interactions
between the substitutional Mn atoms and the alien electrons
induced by the BV molecule. We compare the change of
saturation magnetic moment and the EPR signal in Mn-doped
MoS, nanosheets in Figure 1j. The ferromagnetic behavior in
Mn-doped Mo§, nanosheets could be reversibly tuned through
the adsorption/desorption process of BV molecules as
schematically shown in the inset of Figure 1j. During three
cycles of adsorption/desorption of BV molecules, the intensity
of the magnetism in BV-adsorbed Mn-doped MoS, nanosheets
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Figure 3. (a) Mo M-edge, (b) S L-edge, and (c) Mn L-edge XANES spectra of Mn-doped MoS, with/without adsorption of the BV molecules.
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Figure 4. Spin density (p1 — pl) for Mn-doped MoS, nanosheets without (a) and with (b) adsorption of the BV molecules. Red and aqua
isosurfaces represent positive and negative spin densities, respectively. (c) Schematic presentation of magnetic polarons. Calculated DOS for Mn-
doped MoS, nanosheets without (d) and with (e) adsorption of BV molecules.

is 60% more intense than that of the nonadsorbed sample;
after removing the BV molecules, the original saturation
magnetic moment is restored. This reversible process can be
repeated 20 times on the same sample without detectable
degradation (Figure S11). It can also be seen that the EPR
signal can well track the saturation magnetic moment. A similar
phenomenon has been observed by Ochsenbein et al. on Mn-
doped ZnO, where the injected electrons lead to a
synchronous increase of the saturation magnetic moment
with the EPR signal intensity.'® This leads us to believe that
the reversibly changed magnetic property of Mn-doped MoS,
nanosheets is intimately correlated with the BV molecules
adsorbed on the Mn-doped MoS, nanosheets.

Figure 2a shows the color change, from yellowish to
colorless, of the BV solution after immersing the Mn-doped
MoS, nanosheets into it. The color change suggests that the
yellowish BV molecules are effectively adsorbed on the surface
of Mn-doped MoS, nanosheets. Consequently, the ultraviolet
photoelectron spectroscopy (UPS) spectra in Figure 2b display
two new characteristic shoulder peaks near the valence band
maximum (VBM). At the same time, the VBM shifts from 1.30
eV below the Fermi level (Eg) to 1.37 eV below Ep. This is
indicative of the electron interaction between the BV
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molecules and the Mn-doped MoS, nanosheets, with nontrivial
electron transfer from BV molecules to Mn-doped MoS,
nanosheets. The XPS spectra of Mo 3d (Figure 2c) and S
2p (Figure 2d) show a uniform shift toward a higher binding
energy after BV adsorption, suggesting the n-type doping of BV
molecules, in line with the published XPS results.”*~>’ More
evidence of the electron transfer from BV to Mn-doped MoS,
nanosheets could be found from the Raman spectra (Figure
$12). For Mn-doped MoS, nanosheets, the Raman spectrum
displays an A;, peak that is slightly blue-shifted after BV
adsorption,”® suggesting the change of electronic structure of
Mn-doped MoS, caused by the charge transfer. The charge
transfer involves a two-electron redox reaction (BV® — BV* —
BV, Figure 2e). As depicted in the energy diagram, BV
molecules have a relatively lower reduction potential than the
Mn-doped MoS, (Figure 2f), e.g., about —0.33 V (BV'/BV*")
and —0.79 V (BV°/BV") vs the standard hydrogen electrode
(SHE),” while the position of the conduction band edge of
the Mn-doped MoS, is located near 0 V vs SHE.'”*° Due to
the energy-level offset, the neutral BV molecule (BV®) acting as
an effective electron donor can readily donate electrons to the
conduction band of Mn-doped MoS, nanosheets and then they
reach the BV?* state. More importantly, the difference of Gibbs
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free energy between BV>* and BV is as large as 2.4 kcal/mol
(Figure 2e); this explains the air stability of the BV-adsorbed
Mn-doped MoS, because it prevents the reduction of BV** to
BV under ambient conditions.

To understand the changes of electronic structures upon
electron transfer from BV to Mn-doped MoS, nanosheets, in
Figure 3a,c, we show the XANES spectra, which are element-
specific and reflect mainly the electronic features of the
unoccupied states. The Mo M, ;-edge XANES spectra of Mn-
doped MoS, nanosheets exhibits four characteristic peaks of a,
b, ¢, and d. The peaks a and b correspond to the electron
transition from Mo 3p;,, to unoccupied 4d,>_2., and 4d,, .
orbitals, while the peaks ¢ and d arise from the transition from
Mo 3p,, to the 4d,>_,, and 4d,, , orbitals, respectively. After
adsorption of BV molecules, quite different changes of these
peaks are observed: the peak intensities of a and b decrease,
the intensity of d remains almost unchanged, while the
intensity of ¢ increases. This implies that the electrons in Mo
4d levels are redistributed after the electron transfer from BV
to Mn-doped MoS, nanosheets. In contrast to the Mo M, ;-
edge spectra, the S L, ;-edge XANES spectra in Figure 3b only
show a slight intensity decrease of peak d, which is attributed
to S 2p electron transition to empty S 3d-like states,”’
suggesting increased electron occupation of S. Similar changes
to the Mo M, ;-edge XANES spectra are also observed on the
Mn L, ;-edge spectra caused by BV adsorption. A new shoulder
peak appears on the lower energy side of the L; peak,
suggesting the reduced valence of substitutional Mn after BV
adsorption. That is, more electrons occupy the Mn 3d states.
According to the branching intensity ratio of I(L;)/[I(L;) +
I(L,)] = 0.67,”* we deduce that the Mn atoms are in a high-
spin state when BV is adsorbed. In other words, the electrons
transferred from BV occupy the spin-up Mn 3d e; orbitals,
rather than the spin-down a; orbitals, as illustrated in the inset
of Figure 3c. These spectroscopic results reinforce our above
conclusion that the alien electrons brought by BV molecules
play critical roles in mediating the ferromagnetism of Mn-
doped MoS, nanosheets.

Taking together, the ferromagnetic response of Mn-doped
MoS, nanosheets could be switched reversibly through the
adsorption/desorption of BV molecules. As an electron donor,
the adsorption position of the BV molecule is on a pristine
MoS, monolayer along the diagonal of the unit cell, as shown
in Figure $13.* On the basis of this structure model, we
employed the ABINIT software package to calculate the
electronic structures of the Mn-doped MoS, with/without BV
adsorption. The calculation details are included in the
Supporting Information. The obtained spin density and density
of states (DOSs) are shown in Figure 4ab and 4de,
respectively. For the Mn-doped MoS, nanosheets, the Mn
3d orbitals are split into two 2-fold-degenerate e; (d,./,*—,)
and e, (d,,/,.) states and a fully occupied a; (d.?) state under
the C,, symmetry,”* in agreement with previous calcula-
tions.””*> When the BV molecules are adsorbed on the surface
of Mn-doped MoS, nanosheets, besides the occupied a;
orbitals, the spin-up e, orbitals are also occupied. The Bader
charge analysis further shows that, on average, about 1.07¢
electron is transferred from BV molecules to the Mn-doped
MoS, monolayer. In other words, BV adsorption causes the
high-spin electronic configuration of substitutional Mn, in line
with the Mn L, ;-edge XANES results. Accompanied with the
BV adsorption, the magnetic moment increases from 1.06 to
1.95 pp/Mn, as indicated in Figure 4a,b. The second-nearest

neighboring Mo (marked by purple circles) of Mn couples
ferromagnetically to the Mn atom after BV adsorption,
consistent with the Mo M, ;-edge XANES spectra (Figure
3a), which indicate the redistribution of Mo 4d electrons as
mentioned above. Considering the low content (~3 atom %)
of Mn in the MoS, nanosheets, the bound magnetic polaron
(BMP) model, as shown in Figure 4c, is suitable to interpret
the origins of ferromagnetism and the enhanced magnetic
moment. Within the framework of BMP, the increase of Mn
saturation magnetic moment could intensify the macroscopic
magnetism of the Mn-doped MoS, nanosheets. Besides, the
magnetic interactions between Mn atoms and distant Mo
atoms due to the spin polarization could enlarge the effective
radii of the bound magnetic polarons, benefiting the macro-
scopic magnetism of Mn-doped MoS, nanosheets. The
synergetic effect of the increased magnetic moment of Mn
atoms and the spin polarization of distant Mo atoms make the
magnetic moment in Mn-doped MoS, nanosheets increase
from ~0.05 to ~0.08 emu/g, as experimentally observed. After
removing BV molecules, the magnetic moment is restored.
Remarkably, only a small portion of the Mn ions are contained
in the overlapped polarons; this is the reason why the observed
saturation magnetic moment of the Mn*" ions is far smaller
than the theoretical value. Hence, taking into account the
experimental and theoretical results, we may draw the
conclusion that the reversible process of introducing/depleting
electrons via adsorption/desorption of BV molecules is the
underlying reason for tuning the magnetic behavior of the Mn-
doped MoS, nanosheets.

Bl CONCLUSIONS

In summary, we have successfully doped Mn ions into MoS,
nanosheets and obtained ferromagnetism at room temperature
with a magnetic moment of 0.05 emu/g. More interestingly,
the ferromagnetism in the as-synthesized nanosheets could be
reversibly tuned by interface charge transfer through
adsorption/desorption of BV molecules. On the basis of
experimental characterizations and first-principles calculations,
the reversible process of introducing/depleting electrons
through adsorption/desorption of BV molecules is responsible
for the tuning of the magnetic behavior of the Mn-doped MoS,
nanosheets. This work shows that interface charge transfer
could provide an effective pathway for manipulation of the
magnetic behavior of two-dimensional magnetic semiconduc-
tor materials.

B EXPERIMENTAL SECTION

Synthesis of Mn-Doped MoS, Nanosheets. Typically, 0.9 g of
(NH,)¢Mo,0,,-4H,0 (Sigma-Aldrich) and 0.085 g of Mn-
(CH;C00),-4H,0 (Sigma-Aldrich) were dissolved in 20 mL of
deionized water. After ultrasonication for 30 min to form a
homogeneous solution, 10 mL of CS, was added into the solution
and transferred into a stainless steel autoclave under Ar atmosphere,
which was then sealed and maintained at 400 °C for 1 h. Then, the
autoclave was allowed to cool down naturally. The produced black
precipitates were centrifugated and treated with saturated NaOH
solution for 3 h and then washed with ethanol and water three times,
respectively. The final products were dried at 60 °C under vacuum.

Synthesis of BV Molecule. Briefly, 0.05 mmol benzyl viologen
dichloride (Sigma-Aldrich) was dissolved in S mL of deionized water
and S mL of toluene was added to form a bilayer solution. Then, 3.7 g
of sodium borohydride (Sigma—Aldrich) was added to the water/
toluene bilayer solution, and 1 day after the reaction, the top toluene
layer was extracted for use.
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BV Adsorption/Desorption. Briefly, 0.1 g of Mn-doped MoS,
nanosheets was immersed in the BV solution for 48 h. After that, the
products were collected by centrifugation and dried under vacuum at
50 °C to remove the excess molecule and solvent and obtain BV-
adsorbed Mn-doped MoS, nanosheets. To remove the BV molecule
from the Mn—MoS, nanosheets, the as-prepared sample was
ultrasonically cleaned in toluene five times. Then, the obtained
products were collected by centrifugation and dried at 50 °C under
vacuum.
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