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Regulating the electronic and magnetic properties
of 1T'-ReS, by fabricating nanoribbons and tran-
sition-metal doping: a theoretical study+
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Monolayer 1T'-type rhenium disulphide (1T'-ReS;) has promising applications in spintronic devices due to
its unique electronic properties induced by inversion loss in the crystal structure. A prerequisite of such
applications is introducing magnetism in 1T'-ReS,. Here, we studied the electronic and magnetic pro-
perties of zigzag 1T'-ReS, nanoribbons (1T'-ReS,-NRs) and further tuned their magnetic properties by
transition-metal doping. Our results show that 1T'-ReS,-NRs exhibit tunable electronic properties ranging
from indirect bandgap to direct bandgap to metallic properties. Among the energy-favoured
S-terminated 1T'-ReS,-NRs, only one exhibits robust magnetic properties. The magnetic properties of the
other two nanoribbons can be effectively tuned by doping with certain transition metals. Among the
configurations of TM-doped 1T'-ReS,-NRs, only those with TM atoms introduced at the edge sites are
energy-favoured. The magnetic properties of TM-doped 1T'-ReS,-NRs are mainly contributed by the TM
atom, the Re and S atoms at the edges of the nanoribbons. Besides this, the bulk Re and S atoms close to
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the TM atom also contribute positively to the magnetism and such contributions become weaker as the
atoms are farther from the TM atom. These results provide deep insights into the modulations of the elec-
tronic and magnetic properties of 1T'-ReS; at the atomic scale, and thus should pave an effective path for
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1 Introduction

Since the successful exfoliation of graphene in 2004, two-
dimensional (2D) materials have attracted great attention due
to their intriguing electronic properties."* Among various 2D
materials,>® transition-metal dichalcogenides (TMDs) exhibit
various promising applications in many fields, including opto-
electronic devices,” gas sensing materials® and electronic
devices.” Unfortunately, the electrical properties of TMDs
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fabricating 2D materials for spintronic devices.

present a high dependence on the number of layers," strain"*
and bandwidth,"” which greatly inhibits their applications.
Very recently, a new member of the TMD family, 1T-rhenium
disulphide (1T-ReS,), has initiated research interests due to its
robust properties induced by in-plane inversion loss."***

Monolayer 1T-ReS, is a semiconductor with a direct
bandgap of 1.43 eV." Unlike other TMDs, 1T-ReS, contains
twisted octahedra with triclinic symmetry.’*'® The Re-Re atoms
in monolayer 1T-ReS, form rhombus with an angle of ~119.8°
between the a and b axes."*'”'® The diamond-shaped chains
induce in-plane anisotropy and interlayer decoupling effects,
both of which lead to the unique electronical properties in 1T"-
ReS,. Therefore, 1T-ReS, has a wide range of applications in
infrared sensing,’® strain sensors,>®*' photodetectors®* and
battery anode materials.>*** The robust electronic properties of
monolayer 1T-ReS, also make it a promising candidate in
quantum information devices. A prerequisite for this appli-
cation is the introduction of magnetism in 1T-ReS,.

Various approaches have been developed to tune the electri-
cal and magnetic properties of 2D materials. As experimental
scientists and theorists have reported, property modulations
can be achieved by edge reconstruction,” heteroatom
doping,?® vacancy defects,®” and stress.""*® Among the various
methods, one efficient approach is to fabricate nanoribbons

This journal is © The Royal Society of Chemistry 2022
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due to the prevalent presence of asymmetric spin states at the
edges.>”*° Nanoribbons can be constructed along two perpen-
dicular directions, resulting in two typical types of nano-
ribbons terminated with zigzag and armchair edges, respect-
ively.*! Li and co-workers reported that in molybdenum disul-
phide nanoribbons (MoS,-NRs), zigzag MoS,-NRs exhibit
width-independent metallic properties, whereas armchair
MoS,-NRs are semiconductors with the band gap varies along
with the width. More interestingly, zigzag MoS,-NRs exhibit
magnetic properties while no magnetism exists in armchair
MoS,-NRs.?® Furthermore, the ferromagnetism of 1T-MoS,-
NRs can be stabilized by edge reconstruction.’® Another
efficient way to regulate magnetism is to introduce transition
metals (TMs) into 2D materials.**** For example, Pan and co-
worker reported that TM-doping in armchair MoS,-NRs can
tune the electronic and magnetic properties, and the magnet-
ism is mainly concentrated on the TM atoms and Mo atoms at
the edge.*” The electronic properties of TM-doped ReS,
nanosheets have been used as electrocatalysts.**>* It has been
reported that compared with pristine materials, Mn-doped
ReS, nanosheets exhibit low overpotential, significantly
enhanced durability, high specific capacity, excellent cycling
performance and rate capability,”® and Mo-doped ReS,
nanosheets present better intrinsic conductivity and optimized
catalytic activity.>® However, to our knowledge, no work has
been reported so far to tune the properties of the new member
1T'-ReS, by the fabrication of nanoribbons and TM doping.

It has been reported that zigzag MoS, nanoribbons have an
energetic advantage over their armchair counterparts,®® and a
zigzag 1T'-ReS, sheet has been observed in the grain boundary
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zone by experimental researchers very recently."® Therefore, we
constructed pristine and TM-doped zigzag 1T'-ReS,NRs. The
electronic and magnetic properties of these nanoribbons were
investigated by first-principles calculations. Our results show
that the electronic and magnetic properties of 1T-ReS,NRs are
completely different from those of monolayer 1T"-ReS,. Unlike
the monolayer films, pristine nanoribbons exhibit tunable
electronic properties varying from semiconducting to metallic
nanoribbons, and magnetism can be introduced in some
nanoribbons. Robust magnetism can be further introduced
into 1T-ReS,NRs by doping certain transition metals. The
magnetism in TM-doped 1T'-ReS,NRs is mainly contributed by
the TM atoms and the Re and S atoms at the edges. The spin
charge density shows that the bulk Re and S atoms close to the
TM atom also contribute little to the magnetism. Our findings
not only provide atomic-scale insights into the understanding
of the intrinsic origins of introducing magnetism in 1T
ReS,NRs, but also pave an efficient path for tuning the pro-
perties of 2D materials, and thus may be helpful in facilitating
their applications in nanodevices and spintronics.

2 Models and simulations

The relaxed monolayer 1T"-ReS, is shown in Fig. 1a. The lattice
parameters are a = 6.53 and b = 6.42 A, respectively, agreeing
well with the experimental (@ = 6.45 and b = 6.39 A)** and
theoretical (¢ = 6.51 and b = 6.41 A)** ones. In this work,
zigzag 1T-ReS,NRs were constructed along three high sym-
metric directions comprising [100], [010] and [110] (Fig. 1a).
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Fig. 1

c-NRs-Re 10.27 eV

(a) Top view of monolayer 1T'-ReS,. Three typical directions ([100], [010] and [110], which are defined as a, b and c, respectively) along which

to construct 1T'-ReS;, nanoribbons are also presented. (b) Top and side views of the optimized 1T'-ReS, nanoribbons (1T'-ReS,NRs). The pink and
blue rectangles highlight the edges terminated with S and Re atoms, respectively. The formation energy of each nanoribbon is also presented under

each ribbon.

This journal is © The Royal Society of Chemistry 2022
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For TM-doped 1T-ReS,NRs, TM atoms were introduced at
different sites by directly replacing Re atoms. The obtained
nanoribbons are labelled a, b and c, respectively. Considering
the binary compositions in bulk 1T-ReS,, the constructed
nanoribbons can be terminated with S and Re (highlighted
with pink and blue, respectively). Therefore, a total of six nano-
ribbons were constructed (see the top and side views in Fig. 1b
for details). The obtained nanoribbons were indentified with
two components comprising cutting directions and edge
types. For example, the S-terminated 1T-ReS, nanoribbon cut
along the [100] direction is named a-NRs-S. The widths of
nanoribbons cut along the a, b, and ¢ directions fall in the
range of 24.84-27.89 A (see Fig. S17 for detailed information).
The supercell of all nanoribbons is 6.42 x 51.23 x 22.00 A%,
The vacuum along the y direction falls in the range of
23.34-26.39 A due to the small width difference along the q, b,
and ¢ directions. The vacuum along the z direction is 18.62 A
(see Fig. S2 for detailed information). We notice that Li and
co-worker used a vacuum of 10 A to study the stability and elec-
tronic and magnetic properties of MoS, nanoribbons.*’
Therefore, both the nanoribbon width and the vacuum are
large enough to ensure negligible interactions between oppos-
ing edges and adjacent nanoribbons. More details of the six
1T"-ReS,NRs and the vacuum are shown in Fig. S1 and S2,}
respectively.

All geometry optimization, partial density of states (PDOS),
Bader charge and spin charge density calculations were per-
formed using VASP software based on the pseudopotential
approach and the projector augmented wave (PAW)
method.>*>® The exchange-correlation interactions are
described by the Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation (GGA) functionals.®® A cut-off energy
of 550 eV was used in all simulations. The k-Point densities of
9x1x1and 9 x1x 3 were used for structure optimization
and PDOS calculation, respectively. The convergence criteria
for energy and force were set as 107° eV and 0.01 eV A™",
respectively.

The formation energy, E, is well used to identify the stabi-
lities of clusters,’® nanoribbons and their edges,>"*"*> and
solid solutions.**** The formation energies of the undoped
and TM-doped 1T'-ReS,NRs, denoted as E¢ pure and Ef v,
respectively, can be calculated as:

Et_pure = ENRs — NJ1T-Res2 (1)

Et t™m = Etm-nrs — Enrs — M + HRe (2)

where Engs and Erynrs Fepresent the total energy of pure and
TM-doped 1T-ReS,NRs and pi7-gesz, firm and pge represent the
chemical potentials of 1T'-ReS,, transition metals and the sub-
stituted Re, respectively. The detailed chemical potentials are
presented in Table S17 (see part2 of the ESIt). n is the number
of ReS, units contained in the nanoribbons.
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3 Results and discussion

3.1 Stability and electronic and magnetic properties of
pristine 1T’-ReS,NRs

The relaxed geometry of each 1T-ReS,NR seen from the top
and side views is shown in Fig. 1b. The obtained formation
energy of each nanoribbon is also presented (Fig. 1b). For the
S-terminated 1T-ReS,NRs cut along the a, b and ¢ directions,
the formation energies are 4.88, 2.70 and 4.21 eV, respectively.
For the Re-terminated 1T'-ReS,NRs, their formation energies
are 11.94, 9.19 and 10.27 eV, respectively. The results clearly
show that the formation energy of S-terminated nanoribbons
is 6-7 eV lower than that of Re-terminated counterparts.
Among the three nanoribbons terminated with the same S
edge, the one cut along the b direction is the most stable.

We now turn to discuss the electronic properties of bulk
1T'-ReS, and its derived nanoribbons. The DFT results show
that monolayer 1T"-ReS, is a semiconductor with a direct band
gap of 1.43 eV (see Fig. S2t for detailed band structures and
PDOS), agreeing well with the result (1.43 eV) reported by Wu
and co-workers."”> The PDOS of monolayer 1T’-ReS, exhibits
symmetrical spin-up and spin-down electron distributions
(Fig. S27), indicating the absence of magnetism in the 1T"-ReS,
films. The detailed band structures, bandgaps and PDOS of
the six constructed zigzag 1T'-ReS,NRs are shown in Fig. 2. For
the S-terminated nanoribbons, it can be observed that they are
semiconductors and the gaps are reduced compared with
monolayer 1T-ReS,, and the nanoribbon of a-NRs-S is a semi-
conductor with an indirect gap of 0.38 eV. For the Re-termi-
nated nanoribbons, the nanoribbons cut along the a and b
directions are both semiconducting with indirect bandgaps,
while the one cut along the ¢ direction is metallic. The PDOS
distributions of all nanoribbons are also quite different from
that of monolayer 1T-ReS,. For the nanoribbons of a-NRs-S,
b-NRs-S, and c-NRs-Re, the total DOS contributed by specific
atoms exhibits a symmetric feature (Fig. 2a, b and f) while for
the other three naoribbons, c-NRs-S, a-NRs-Re and b-NRs-Re,
the PDOS shows asymmetric distributions (Fig. 2¢, d and e).
The asymmetric PDOS shows that magnetic properties can be
introduced and tuned by fabricating nanoribbons.

To further explore the origin of the induced large difference
in the magnetic properties of 1T"-ReS,NRs, the detailed PDOS
contributed by the specific atoms of the six 1T-ReS,NRs is
shown in Fig. S3.7 It can be observed that the PDOS in a-NRs-
S, b-NRs-S and c-NRs-Re are distributed symmetrically, agree-
ing well with the total DOS shown in Fig. 2a, b and f. The
PDOS contributed by specific atoms in nanoribbons such as
c-NRs-S, a-NRs-Re and b-NRs-Re exhibit an asymmetric distri-
bution, mainly concentrated on the d orbital of Re and the p
orbital of S (Fig. S3c, d, and ef). Therefore, the magnetism of
¢-NRs-S, a-NRs-Re and b-NRs-Re is mainly contributed by the
distributions of electrons on the 5d orbital of Re and the 3p
orbital of S. The spin charge densities of c-NRs-S, a-NRs-Re
and b-NRs-Re are shown in Fig. 2g-i, respectively. It clearly
shows that the magnetism is mainly concentrated on the Re
and S atoms at the edge. This effect can be attributed to edge

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a—f) Spin-up (blue) and spin-down (red) electronic band structures and PDOS contributed by specific atoms of 1T'-ReS,NRs. The gaps
between the valence band maximum (VBM) and the conduction band minimum (CBM) are also listed. The solid and dashed lines in the PDOS rep-
resent the electron density distributions of Re and S, respectively. The Fermi level is also presented with dashed lines. (g—i) Spin charge density distri-
butions in c-NRs-S, a-NRs-Re and b-NRs-Re. The isosurface level in the spin charge density is 0.002 eV A~3. Blue and red stand for positive and

negative (defined as pspin-up — Pspin-down) €lectron density, respectively.

states induced by unpaired electrons. Similar contributions
have also been reported in other 2D materials such as
graphene,*>*® 8-P films,*’and h-BN.>"*> The edge states also
provide an efficient way to tune the properties of 2D materials
by constructing nanoribbons. Besides this, the apparently asym-
metric PDOS in the d orbitals of Re (see Fig. 2g-i and Fig. S3c,
d, and et) also suggests a promising way to tune the magnetism
of 1T-ReS, nanoribbons by introducing transition metals.
Therefore, in the following section, we turn to explore the possi-
bility of tuning the magnetism of two stable 1T-ReS,NRs,
a-NRs-S and b-NRs-S, by introducing transition metals.

This journal is © The Royal Society of Chemistry 2022

3.2 Stabilities and local magnetism distributions of TM-
doped a-NRs-S and b-NRs-S

We start by figuring out the energetically favourable doping
sites. Three transition metals, Cr, Mn and Co, were used and
ten positions of nanoribbons of a-NRs-S and b-NRs-S were con-
sidered (see the schematic structures shown in Fig. 3a). The
formation energies are summarized in Fig. 3b. It can be
observed that for the Cr-, Mn- and Co-doped nanoribbons, irre-
spective of a-NRs-S or b-NRs-S, the configurations with TM
atoms introduced at two edge sites (sites 1 and 2) are much
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Fig. 3 (a) Schematic structures of a-NRs-S and b-NRs-S with doping sites labelled with Arabic numbers. (b) Formation energies of Cr- (star), Mn-
(circle), and Co- (triangle) doped configurations with sites shown in panel a (a-NRs-S, solid symbols and b-NRs-S, hollow symbols). (c) and (d)
Formation energies of the TM-doped nanoribbons of a-NRs-S (c) and b-NRs-S (d). The doping metals are also presented in panels c and d. The data

with TMs in the same row are shown in identical colors.

more stable and site 1 is the most energy-favoured one. For the
two configurations where the TM is introduced in the edge site,
there is a small difference in stability. Such a small difference
may be attributed to the in-plane anisotropy of the two nano-
ribbons induced by the inherent symmetry in 1T-ReS,. A
similar energy-favoured doping preference in the edge sites has
also been reported in armchair MoS,NRs.>® The same doping
site preference has also been reported in zigzag MoS,NRs with
the GGA+U functional.*” Therefore, site 1 was selected as the
doping position to study the stabilities and magnetic properties
of TM-doped a-NRs-S and b-NRs-S in the next section.

The introduction of Cr, Mn and Co also induces distortion
due to the radius difference between the host and guest ions.
To study the detailed distortions in a-NRs-S and b-NRs-S, the
local structure and variations of geometries with Cr, Mn, and
Co are shown in Fig. S41 and Table S2.f It can be observed
that the edge S atoms move inward to the TM atoms after
doping (see the bond lengths of d6 and d7 in Table S2t). The
shapes of the local polyhedra are well preserved, except for
small changes after the introduction of TM atoms. A similar

8458 | Nanoscale, 2022, 14, 8454-8462

motion has been reported in 3d TM-doped armchair
MoS,NRs.*”

Sixteen transition metals are considered to study the mag-
netism modulations by introducing TM atoms at site 1 in the
nanoribbons of a-NRs-S and b-NRs-S. The formation energies
of TM-doped a-NRs-S and b-NRs-S are shown in Fig. 3c and d,
respectively. The lower the formation energy, the higher the
stability.** For TM-doped a-NRs-S (Fig. 3c), it can be observed
that most TMs can stabilize the nanoribbons, especially
those that fall into the VIB and VIIB groups. For TM-doped
b-NRs-S (Fig. 3d), only those with TMs falling in the VIB group
can stabilize the nanoribbons. The value of E¢ increases almost
linearly as the TM column changes from left to right. For the
two nanoribbons doped with TM in the same column, the
difference in Ey falls within a small range of 0.10-0.52 eV.
Among all the configurations, nanoribbons doped with TMs
falling in the VIB and VIIB groups are more stable than those
doped with other TMs. The TMs falling in the VIB and
VIIB groups are close to the substituted Re in the periodic
table of elements. For the nanoribbons doped with metals

This journal is © The Royal Society of Chemistry 2022
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in the IB group, they are unstable due to high formation
energy (Fig. 3c and d).

3.3 Magnetic properties of TM-doped a-NRs-S and b-NRs-S

a. Magnetic properties. The metals that can introduce mag-
netism are highlighted with light purple and those introducing
magnetism in the two nanoribbons are highlighted with dark
purple (Fig. 4a and c). The detailed magnetism including the
total magnetism, and the magnetism contributed by specific
atoms in TM-doped a-NRs-S and b-NRs-S are shown in Fig. 4b
and d, respectively. The elements Mn and Fe introduce 1.90up
and 2.20up in a-NRs-S (see the solid line in Fig. 4b) and b-NRs-
S (see the solid line in Fig. 4d), respectively. For nanoribbons
with magnetism induced by other TM elements, the values of
magnetism fall in the range close to 1.

There is no magnetism in both pristine nanoribbons of
a-NRs-S and b-NRs-S. The origin of induced magnetism in the
TM-doped nanoribbons must be closely related to the doping
atoms. Besides this, the atoms on the edge may also have posi-
tive contributions, as presented in c¢-NRs-S, a-NRs-Re and
b-NRs-Re (Fig. 2g-i). The detailed magnetism contributed by
TM atoms and edge atoms are also shown in Fig. 4b and d (see
the data shown with dashed lines), respectively. The similar
variation trends between the total magnetism, M, and the
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magnetism contributed by the TM atom, Mty are similar, indi-
cating that the magnetism in the doped nanoribbons is
mainly contributed by the TM atoms. The edge atoms Re and
S also induce magnetism in the doped nanoribbons. For TM-
doped a-NRs-S, the magnetism contributed by the edge Re in
the Cr-, Mn-, Fe- and Mo-doped nanoribbons is smaller than
that in the Ru-, W-, Os- and Pt-doped nanoribbons (see the
data presented with solid diamonds in Fig. 4b). For TM-doped
b-NRs-S, the magnetism contributed by the edge Re in the Cr-
and Fe-doped nanoribbons is smaller than that in the Ni-, Pd-
and Pt-doped nanoribbons (see the data presented with hollow
diamonds in Fig. 4d). Generally, the contributions induced by
the edge S are smaller than those induced by the edge Re and
some negative contributions appear (Fig. 4b and d). The nega-
tive magnetism indicates that the distributions of electrons on
other spin states contribute to the magnetism.

b. PDOS and spin charge density analyses. To study the
intrinsic reasons inducing magnetism and detailed contri-
butions, the PDOS distributions on specific orbitals of the
composed elements in pristine and TM-doped nanoribbons
are shown in Fig. 5a-h. Here only pristine a-NRs-S, b-NRs-S,
Cr-, Ru-, Mn-, and Fe-doped a-NRs-S, and Mn- and Fe-doped
b-NRs-S are presented for clarity. More detailed PDOS analyses
of TM-doped a-NRs-S are shown in Fig. S4t (with magnetism)
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2-
s
g1
=
- “L\
0 &g~ :_::_::....-_-t--_-iz_A—-_'f_:*_:i'_'=_:§ -
Kewomen *r""
Cr Mn Fe Mo Ru W Os Pt
(d)

—0— Mt =& -M1m =< -MRe - % -Ms

Cr Fe Ni Pd Pt

Fig. 4 TMs doped in a-NRs-S (a) and b-NRs-S (b). The TMs doped in nanoribbons are highlighted with shades. The atoms that can introduce mag-
netism are highlighted with light purple and those can introduce magnetism in both ribbons are highlighted with dark purple. (c) and (d) Magnetism
of TM-doped nanoribbons. The solid and dashed lines are presented as guidance for the total magnetism and magnetism contributed by specific
elements. Solid and hollow symbols represent the magnetism of TM-doped a-NRs-S (b) and b-NRs-S (d). The circle, triangle, diamond and star rep-
resent the magnetic moments of total (M,), TM atoms (M1y), edge Re (Mg.) and edge S (Ms), respectively.

This journal is © The Royal Society of Chemistry 2022

Nanoscale, 2022, 14, 8454-8462 | 8459


https://doi.org/10.1039/d2nr00488g

Published on 11 May 2022. Downloaded on 11/7/2025 6:00:52 PM.

Paper

View Article Online

Nanoscale

0.5 0 0.5 1 -1 -0.5 0 0.5 1
Cr-doped a-NRs-S Ru-doped a-NRs-S

'
-

(e) i : (h) y
TeMn Fe)  fioy e i
Y I “ | S
sl 4 R o A el
§-10W I W Y W Ww - {\W’\N]N v L
10{ S S

S 10

-1 -0.5 0 0.5 1
Mn-doped a-NRs-S

Cr-doped a-NRs-S Ru-doped a-NRs-S

Mn-doped a-NRs-S

1 -0.5 6 0.5 1 -1 -0.5 0 0.5 1
Fe-doped a-NRs-S Fe-doped b-NRs-S

?

Fe-doped b-NRs-S

Mn-doped b-NRs-S Fe-doped a-NRs-S

Fig. 5 PDOS (a—h) distributions of specific atoms and spin charge density (i—n) in pristine and TM-doped nanoribbons of a-NRs-S and b-NRs-S.
The blue, purple and red lines in the PDOS represent the orbitals of s, p and d, respectively. The isosurface level in the spin charge density is 0.002
eV A=3. Blue and red stand for positive and negative (defined as Pspin-up — Pspin-down) €lectron density, respectively.

and Fig. S57 (without magnetism), respectively. The detailed
PDOS analyses of TM-doped b-NRs-S with magnetism are
shown in Fig. S6.F

The symmetrical electron density distributions in the orbi-
tals of s, p, and d (see Fig. 5a and b) indicate the absence of
magnetism in two pristine a-NRs-S and b-NRs-S, agreeing well
with the conclusions obtained from the total DOS distri-
butions (see Fig. 2a and b). For the TM-doped nanoribbons
with magnetism, the reason for inducing magnetism is very
complicated. In both nanoribbons, irrespective of a-NRs-S or
b-NRs-S, the asymmetric distributions on the d orbitals of the
TM atoms are more pronounced (see Fig. 5c, d, e, g and h).
Besides this, the d orbitals of Re and the p orbitals of S also
show some asymmetric distributions. The PDOS distributions
are quite different in nanoribbons doped with different TM
atoms (see the Cr-, Ru-, Mn- and Fe-doped a-NRs-S in Fig. 5c,
d, e and g). When TM atoms are introduced into the new
systems, the asymmetric distributions of electrons are easy on
half-filled d orbitals. TMs with fully filled d electrons, Cu, Ag
and Au can also illustrate this effect of valence electron distri-

8460 | Nanoscale, 2022, 14, 8454-8462

butions on d orbitals. No magnetism is introduced in both
nanoribbons doped with Cu, Ag, and Au (see Fig. 4a and c).
Hu and co-workers also reported that magnetic moments can
be induced by Cr and Fe in monolayer ReS,.*®

Besides the influences from electron distributions on the d
orbital of TM atoms, the magnetism is also affected by the
electron redistribution of the atoms surrounding the TM. To
present the electron redistribution more clearly, the Bader
charge analyses of the TM atom and atoms around it are pre-
sented in Fig. S9.1 From Fig. S9t it can be observed that the
atoms around the TM atom exhibit different charge
distributions. As reported in armchair MoS, nanoribbons,*?
the coupling between the TM atom and its surrounding
atoms may also contribute to the magnetism of TM-doped 1T'-
ReS,NRs. For example, in a-NRs-S and b-NRs-S doped with the
same TM, the magnetism is completely different. Taking
Mn- and Fe-doped nanoribbons as examples, the magnetism
of Mn-doped a-NRs-S is 1.90up while b-NRs-S has no magnet-
ism, for the Fe-doped nanoribbons, the magnetism of b-NRs-S
(2.20up, Fig. 4d) is 1.27up higher than that of a-NRs-S

This journal is © The Royal Society of Chemistry 2022
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(0.93ug, Fig. 4b). The apparent difference in the PDOS distri-
butions of Mn-/Fe- doped a-NRs-S (Fig. 5e and g) and b-NRs-S
(Fig. 5f and h) can also well reflect the large difference in
magnetism.

Spin charge density distributions can intuitively illustrate
the net distributions (defined as pspin-up — Pspin-down) Of elec-
trons on each atom. The spin charge density distributions of
some TM-doped nanoribbons are shown in Fig. 5i-n. It can be
observed that there is a clear net electron distribution for Cr-,
Ru- and Mn-doped a-NRs-S, while no distribution is observed
in Mn-doped a-NRs-S, indicating the absence of magnetism in
Mn-doped a-NRs-S, and the spin charge is mainly located on
the edge atoms. Besides this, the spin-charge density distri-
bution observed on the bulk Re is also far from the TM atom
(see panels i, j, k, m, and n in Fig. 5).

From the above analyses, it can be concluded that both fab-
ricating nanoribbons and TM doping can effectively tune the
electronic properties of 1T"-ReS, from a direct bandgap semi-
conductor to an indirect bandgap semiconductor to a metallic
film. Some TM atoms can induce robust magnetism in 1T'-
ReS, nanoribbons. The work performed on MoS, showed that
various factors such as the types of TM atoms, the doping
sites, and the nanoribbons fabricated along different direc-
tions can affect both electronic and magnetic
properties.*>*”**%° The edge reconstructions,”™*" underlying
substrates®® and chemical potential difference® also induce
difference in stabilities and redistributions of electron density,
and thus should lead to differences in magnetic properties.
Besides this, both the functionals and the splitting between
the doped TM atom and the edge atoms also have a great influ-
ence on the magnetic properties.’**” To further facilitate the
application of 1T-ReS, in spintronic devices, great efforts
should be devoted to this complicated system.

4 Conclusion

In summary, the electronic structures and magnetic properties
of pristine and TM-doped 1T'-ReS,-NRs were systematically
studied by density functional theory. The following results
were obtained:

(1) The electronic structures and magnetic properties of 1T'-
ReS, can be effectively tuned by fabricating nanoribbons and
TM doping.

(2) The electronic properties of monolayer 1T-ReS, can be
tuned from a semiconductor with a direct band gap to an
indirect semiconductor to metallic materials by fabricating
nanoribbons.

(3) Among all 1T-ReS, nanoribbons, the nanoribbons ter-
minated with S are more energetically favourable than their
counterparts terminated with Re and the magnetism of
S-terminated ReS,-NRs can be effectively tuned by introducing
transition metals.

(4) The magnetism of TM-doped 1T-ReS, nanoribbons is
mainly contributed by the TM atom, and the edge Re and S
atoms. The bulk Re and S atoms close to the TM atom also

This journal is © The Royal Society of Chemistry 2022
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exhibit a positive contributions to the magnetism and such
contributions become weaker as the atoms are farther from
the TM atom.

The above results not only provide deep insights into the
understanding of the interesting electronic and magnetic pro-
perties of 1T"-ReS, NRs at the atomic scale, but also create
efficient ways of tuning the properties of 1T"-ReS, and other
2D materials, and thus should provide helpful information in
facilitating their applications in spintronic devices.
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