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Two-dimensional magnetic semiconductors with room Curie temperatures
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We propose two-dimensional (2D) Ising-type ferromagnetic semiconductors TcSiTe3, TcGeSe3, and TcGeTe3

with high Curie temperatures around 200–500 K. Owing to large spin-orbit couplings, the large magnetocrys-
talline anisotropy energy (MAE), large anomalous Hall conductivity, and large magneto-optical Kerr effect were
discovered in these intriguing 2D materials. By comparing all possible 2D MGeTe3 materials (M = 3d, 4d, 5d
transition metals), we found a large orbital moment around 0.5μB per atom and a large MAE for TcGeTe3.
The large orbital moments are revealed to be from the comparable crystal fields and electron correlations in
these Tc-based 2D materials. The microscopic mechanism of the high Curie temperature is also addressed. Our
findings reveal the unique magnetic behaviors of 2D Tc-based materials and present a family of 2D ferromagnetic
semiconductors with large MAE and Kerr rotation angles that would have wide applications in designing
spintronic devices.

DOI: 10.1103/PhysRevResearch.2.013002

I. INTRODUCTION

Spin-orbit coupling (SOC) describes the relativistic in-
teraction between the spin and orbital momentum of elec-
trons [1]. Spin-orbit coupling can drive rich phenomena,
such as magnetic anisotropy [2], spin relaxation [3], mag-
netic damping [4], anisotropic magnetoresistance [5], and
the anomalous Hall effect [6]. Recently, the term spin orbi-
tronics was proposed to cover the expanding research field,
where SOC is a key concept [1,7,8]. Combining strong SOC
and magnetism, many intriguing physical phenomena can
be achieved, including current-driven magnetization rever-
sal [9–11], domain-wall propagation [12,13], and current-
driven skyrmion motion [14–16]. Transition metals are usu-
ally candidates to realize these phenomena and play important
roles in spin orbitronics.

Magnetic anisotropy is one of the fundamental properties
of magnetic materials. It is a key issue in recent advances
in two-dimensional (2D) magnetic semiconductors [17–20].
According to the Mermin-Wagner theorem [21], at finite
temperatures, the quantum spin-S Heisenberg model with
isotropic and finite-range exchange interactions in 1D or
2D lattices can be neither ferromagnetism nor antiferromag-
netism. Thus, to stabilize long-range ferromagnetic order in
2D magnetic semiconductors at finite temperature, a large
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magnetic anisotropy, which takes the systems away from the
isotropic Heisenberg model, is extremely important.

The magneto-optical Kerr effect (MOKE), which is closely
related to SOC, is a basic magneto-optic effect. It describes the
action whereby the plane-polarized light reflected from a mag-
netized material becomes elliptically polarized and the plane
of polarization is rotated. The MOKE is widely used to probe
the electronic structure of magnetic materials. Many exciting
phenomena related to the MOKE have been discovered, such
as quantum confinement effects [22], oscillations of the Kerr
rotation with magnetic layer thickness [23], and strong cor-
relations between the MOKE and magnetic anisotropies [24].
Due to the application of the MOKE to the readout process
in magneto-optical storage devices, much effort has been
devoted to searching for materials with large Kerr rotation
angles.

In this paper we propose three stable 2D ferromagnetic
semiconductors TcSiTe3, TcGeSe3, and TcGeTe3, which
share the same crystal structure as the recently discovered
2D magnetic semiconductor CrGeTe3 [19]. These Tc-based
2D materials have not been observed experimentally yet. The
Monte Carlo simulations give Curie temperatures of 538,
212, and 187 K for TcSiTe3, TcGeSe3, and TcGeTe3 mono-
layers, respectively, which are much higher than the Curie
temperature in CrGeTe3. The calculations show that these
Tc-based materials have a spin moment of about 2μB and
an extraordinarily large orbital moment of about 0.5μB per
Tc atom. The large orbital moment comes from the partially
occupied d orbitals, and the partial occupation of d orbitals is
due to the comparable crystal fields and electron correlations
in these Tc-based 2D materials. As a result, a large SOC
is obtained in these materials. Due to the large SOC, a
large magnetocrystalline anisotropy energy (MAE) is formed,
indicating the Ising behavior of these 2D materials with
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out-of-plane magnetization. In addition, a large Kerr rotation
angle of about 3.6◦ is achieved in these Tc-based materials,
which is much larger than the value of 0.8◦ in metal Fe. Large
anomalous Hall conductivity of about 7.5 × 102 (� cm)−1 in
p-type TcGeTe3 and 1.1 × 103 (� cm)−1 in n-type TcGeTe3

is comparable to the anomalous Hall conductivity of 7.5 ×
102 (� cm)−1 in bulk Fe [25,26] and 4.8 × 102 (� cm)−1

in bulk Ni [27]. The microscopic mechanism of high Curie
temperature in these Tc-based materials is also discussed.

II. COMPUTATIONAL METHOD

Our first-principles calculations were based on the density-
functional theory as implemented in the Vienna ab initio sim-
ulation package (VASP) [28], using the projector augmented
wave method [29]. The generalized gradient approximation
(GGA) with Perdew-Burke-Ernzerhof [30] realization was
adopted for the exchange-correlation functional. We set the
on-site Hubbard interaction U = 2.3 eV and Hund coupling
J = 0.3 eV [31] in considering electron correlation of 4d
electrons of Tc atoms, and the effective Ueff = U − J = 2 eV,
because the reasonable Ueff is about 2 eV for 4d electrons. The
plane-wave cutoff energy was set to 550 eV. A Monkhorst-
Pack k-point mesh [32] of size 13 × 13 × 1 was used for
the Brillouin zone (BZ) sampling. The structure relaxation
considering both the atomic positions and lattice vectors was
performed by the conjugate gradient scheme until the max-
imum force on each atom was less than 0.0001 eV/Å, and
the total energy was converged to 10−8 eV with the Gaussian
smearing method. To avoid unnecessary interactions between
the monolayer and its periodic images, the vacuum layer was
set to 15 Å. The phonon frequencies were calculated using a
finite-displacement approach as implemented in the PHONOPY

code [33], in which a 3 × 3 × 1 supercell and a displacement
of 0.01 Å from the equilibrium atomic positions were em-
ployed. The WANNIER90 code [34] was used to construct an
effective tight-binding Hamiltonian and to calculate the optic
conductivity and the anomalous Hall conductivity.

III. RESULTS

The crystal structure of TcSiTe3, TcGeSe3, and TcGeTe3

monolayers from the prototypal CrGeTe3 monolayer is de-
picted in Fig. 1(a), where the space group is P3̄1m (No.
191). To determine the ground state of TcSiTe3, TcGeSe3, and
TcGeTe3 monolayers, in the absence of SOC, we calculated
the total energy for ferromagnetic (FM) and antiferromag-
netic (AFM) configurations as a function of lattice constant
and found that the FM state has an energy lower than the
AFM state. The optimized lattice constants of 2D TcSiTe3,
TcGeSe3, and TcGeTe3 were calculated as 6.821, 6.379, and
7.029 Å, respectively, which are reasonable according to the
radius of atoms.

To confirm the stability of these three monolayers, their
phonon spectra have been calculated. There is no imaginary
frequency mode in the whole Brillouin zone, as shown in
Figs. S1(a)– S1(c) in the Supplemental Material [35], indi-
cating that they are kinetically stable. We have checked the
stability of these structures with different Ueff (1 and 3 eV),
and the results show that these structures are always stable. To
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FIG. 1. (a) Top and side views of the crystal structure of TcSiTe3,
TcGeSe3, and TcGeTe3 monolayers. The primitive cell is delineated
by a dotted line box. The Tc atoms form a honeycomb lattice.
(b) First Brillouin zone.

further examine the thermal stability, we performed ab initio
molecular dynamics simulations using a 4 × 4 × 1 supercell
containing 160 atoms. After being heated at 300 and 500 K
for 6 ps with a time step of 3 fs, only little structural and en-
ergetic changes occur, as shown in Figs. S2(d)– S2(f) in [35],
implying that TcSiTe3, TcGeSe3, and TcGeTe3 monolayers
are dynamically stable.

The structural stabilities of TcSiTe3, TcGeSe3, and
TcGeTe3 are also examined by the formation energy, which
is calculated by E f = E (TcAB3) − E (Tc) − E (A) − 3E (B),
where E (Tc), E (A), and E (B) are the total energies of the bulk
Tc, Ge (Si), and Se (Te) crystals, respectively. The negative
values obtained are E f = −0.856, −1.582, and −0.694 eV
for TcSiTe3, TcGeSe3, and TcGeTe3, respectively. For the
CrGeTe3 monolayer, which was discovered in a recent experi-
ment [19], the formation energy was calculated as −1.140 eV
by the same method. The comparable formation energy of
TcSiTe3, TcGeSe3, and TcGeTe3 with CrGeTe3 suggests that
these Tc-based materials may also be feasible in experiment.

Since TcSiTe3, TcGeSe3, and TcGeTe3 have similar prop-
erties, we will take TcSiTe3 in the following analysis, and
the calculated results of TcGeSe3 and TcGeTe3 are shown
in the Supplemental Material [35]. The partial density of
states (PDOS) of the TcSiTe3 monolayer was calculated by
the GGA + U method, as illustrated in Fig. 2(a). Because of
the octahedral crystal field for Tc atoms, the d orbitals of
the Tc atoms are split into threefold t2g orbitals and twofold
eg orbitals. For Tc2+ (4d5) in the TcSiTe3 monolayer, the
spin moment S = 2μB and orbital moment L = 0.6μB are
obtained. The results can be understood by the following
electron configurations: 3 spin-up electrons and 0.6 spin-down
electrons occupy t2g orbitals, and 0.5 spin-up electrons and
0.9 spin-down electrons occupy eg orbitals. This reflects that
the crystal field and Coulomb interaction U are comparable
for 4d electrons of Tc. In contrast, for Cr2+ (3d4) in the
CrGeTe3 monolayer (U is taken as 4 eV), 3 spin-up electrons
are in t2g orbitals and 1 spin-up electron is in eg orbitals,
which gives rise to the spin moment S = 4μB and orbital
moment L = 0, as shown in Fig. 2(b). This means that the
Coulomb interaction U is much larger than the crystal field
for 3d electrons of Cr. These results can also be obtained by
integrating the total density of states below the Fermi level
for spin-up and spin-down electrons for t2g and eg orbitals,
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FIG. 2. Partial density of states of (a) TcSiTe3 and (b) CrGeTe3

monolayers, calculated by the GGA + U method.

respectively. The SOC is calculated by HSOC = λS · L, where
λ is the coefficient of SOC and S and L represent the spin and
orbital moment operators, respectively. Because of the large
λ, which is related to the atomic number and large orbital
moment L, a much larger SOC is expected in the TcSiTe3

monolayer than that in the CrGeTe3 monolayer.
The electronic band structure of the TcSiTe3 monolayer

was calculated by the GGA + U method, as shown in
Fig. 3(a). It is a Weyl half-metal, where only one species of
electron spin appears at the Fermi level. At the high-symmetry
�-K and �-M lines, Weyl nodes exist. Considering the inver-
sion and C3v symmetries, there are 12 Weyl points in total
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FIG. 4. (a) Possible spin configurations of Tc atoms on hon-
eycomb lattice: FM, Néel AFM, stripe AFM, and zigzag AFM.
(b) Temperature dependence of the normalized magnetic moment
of TcSiTe3, TcGeSe3, TcGeTe3, and CrGeTe3 monolayers by Monte
Carlo simulations.

within the BZ. To demonstrate the effect of SOC, the elec-
tronic band structure was calculated by the GGA+SOC+U
method, as plotted in Fig. 3(b). As a result of including
SOC, the band gap was opened for the TcSiTe3 monolayer.
To correctly estimate the band gap, since the GGA-type
calculations usually underestimate the band gap, the Heyd-
Scuseria-Ernzerhof hybrid functional method HSE06 was also
employed. The HSE06 calculation shows that the band gap of
the TcSiTe3 monolayer becomes 0.4 eV, as shown in Fig. 3(c).
Details of electronic band structures are given in [35].

Due to the large SOC, there is a high expectation of a large
magnetic anisotropy for TcSiTe3, TcGeSe3, and TcGeTe3

monolayers. To study magnetic anisotropy in these mono-
layers, we calculated the total energy with possible spin
configurations of Tc atoms on a honeycomb lattice, including
paramagnetic (PM), FM, Néel antiferromagnetic (NAFM),
stripe AFM (SAFM), and zigzag AFM (ZAFM) configura-
tions, as shown in Fig. 4(a). The CrGeTe3 monolayer was
also calculated in the same way for comparison. The re-
sults are summarized in Table I. One can observe that the
out-of-plane FM (FMz) state has the lowest energy among
the possible spin configurations. The magnetic anisotropy
between the in-plane magnetic configurations FMx and FMy

and the out-of-plane magnetic configurations FMz in Tc-based
materials is extraordinarily larger than that in CrGeTe3, as
noted in Table I. We further calculated the energies for FM
configurations by rotating the magnetic direction deviated
from the z axis and found that the FMz state is the most
energetically favorable, which shows an Ising behavior of the
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FIG. 3. Electronic band structures of TcSiTe3 calculated by the (a) GGA+U , (b) GGA+SOC+U , and (c) HSE06 methods.
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TABLE I. Total energy Etot per unit cell for TcSiTe3, TcGeSe3, and TcGeTe3 monolayers (in meV, relative to Etot of the FMz ground state)
for several spin configurations of Tc atoms (see Fig. 4), calculated by the GGA+SOC+U method. The spin moment 〈S〉 and orbital moment
〈O〉 (in units of μB), single ion anisotropy (in meV) between the out-of-plane and in-plane FM configurations, exchange interaction J (in meV),
and Curie temperature TCurie (in K) are calculated. The CrGeTe3 monolayer is also calculated with the experimental lattice constant [19] for
comparison.

Monolayer FMz FMx FMy NAFMz SAFMz ZAFMz PM 〈S〉 〈O〉 SIA J TCurie (K)

TcSiTe3 0.0 52.1 25.9 310.4 165.1 122.0 2000 1.866 0.540 −42.5 7.625 538
TcGeSe3 0.0 53.6 211.9 295.3 95.9 138.0 2065 1.884 0.515 −37.7 2.997 212
TcGeTe3 0.0 112.1 289.7 277.0 84.7 114.2 2300 1.991 0.562 −26.5 2.647 187
CrGeTe3 0.0 3.7 3.8 143.6 84.7 4.3 6000 3.614 0.004 0.032 0.066 19

TcSiTe3, TcGeSe3, and TcGeTe3 monolayers. The calcula-
tion reveals that the magnetic anisotropy originates from the
single-ion anisotropy (SIA), which can be calculated by four
ordered spin states [36]. The results in Table I show that, for
TcSiTe3, TcGeSe3, and TcGeTe3 monolayers, SIA is found to
be negative and large, which determines a strong Ising-type
behavior with out-of-plane magnetization. For the CrGeTe3

monolayer, SIA is negligible and approaches zero, which
indicates the Heisenberg-like behavior with weak magnetic
anisotropy.

Thus, the magnetism in TcSiTe3, TcGeSe3, and TcGeTe3

monolayers can be described by the Ising-type Hamilto-
nian Hspin = −∑

〈i, j〉 JSz
i Sz

j , where J represents the nearest-
neighbor exchange integral, Sz

i, j is the z component of the spin
operator, and 〈i, j〉 denotes the summation over the nearest
neighbors. Further, J can be determined by the difference of
energies between the FMz configuration and the AFM config-
uration, which possesses the lowest energy among those AFM
configurations. In our cases, the ZAFMz configuration has
the lowest energy for TcSiTe3 and CrGeTe3 monolayers, and
the SAFMz configuration has the lowest energy for TcGeSe3

and TcGeTe3 monolayers, as shown in Table I. As a result, J
was estimated to be 7.625, 2.997, 2.647, and 0.066 meV for
TcSiTe3, TcGeSe3, TcGeTe3, and CrGeTe3, respectively.

Based on the above Ising Hamiltonian and the estimated
exchange parameter J , the Monte Carlo (MC) simulation was
carried out to calculate the Curie temperatures of these 2D ma-
terials [37]. The MC simulation was performed on a 60 × 60
2D honeycomb lattice using 106 steps for each temperature.
The magnetic moment as a function of temperature is shown
in Fig. 4(b). It can be seen that the normalized magnetic mo-
ment decreases rapidly to vanish at Curie temperature of about
538, 212, 187, and 19 K for TcSiTe3, TcGeSe3, TcGeTe3,
and CrGeTe3 monolayers, respectively. The results indicate
that TcSiTe3, TcGeSe3, and TcGeTe3 monolayers can be
potential candidates for high-temperature 2D ferromagnetic
semiconductors.

Due to the large SOC in these ferromagnetic semiconduc-
tors, a large anomalous Hall conductivity (AHC) is expected.
We calculated the intrinsic AHC due to the Berry curvature
of the electronic band structure as shown in Fig. 5(a). The
magnitude of AHC σxy for the p-type TcGeTe3 can reach
7.5 × 102 (� cm)−1 and for the n-type TcGeTe3 it can be up
to 1.1 × 103 (� cm)−1. That for the p- or n-type TcSiTe3 and
TcGeSe3 can be as large as 4 × 102 (� cm)−1. These values
are comparable to the intrinsic σxy in some ferromagnetic
metals, such as 7.5 × 102 (� cm)−1 in bcc Fe [25,26] and

4.8 × 102 (� cm)−1 in fcc Ni [27], due to the Berry curvature
of band structures.

A large magneto-optical Kerr effect is also possible in 2D
ferromagnetic materials with large SOC [38]. We investigated
the MOKE for TcSiTe3, TcGeSe3, and TcGeTe3 monolayers.
The Kerr rotation angle is given by

θKerr(ω) = −Re
εxy

(εxx − 1)
√

εxx
, (1)

where εxx and εxy are the diagonal and off-diagonal compo-
nents of the dielectric tensor ε and ω is the photon energy,
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FIG. 5. (a) Anomalous Hall conductivity of TcSiTe3, TcGeSe3,
and TcGeTe3 monolayers as a function of energy near the Fermi
level. (b) Kerr angle θKerr of TcSiTe3, TcGeSe3, and TcGeTe3 mono-
layers as a function of photon energy, where the experimental (open
squares) and calculated values (dotted line) of θKerr for bulk Fe are
included for comparison.
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TABLE II. Dominant hopping matrix elements |V | and energy difference |Ep − Ed | between p orbitals of Si (Te) and d orbitals of Tc (Cr)
in eV for the TcSiTe3 (CrGeTe3) monolayer.

Monolayer Parameter pz-dz2 pz-dxz pz-dyz pz-dx2−y2 pz-dxy

TcSiTe3 |V | 0.444869 0.096455 0.254298 0.179421 0.386326
TcSiTe3 |Ep − Ed | 0.158048 0.118685 0.445139 0.296614 0.071643

Monolayer Parameter px-dz2 px-dxz px-dyz px-dx2−y2 px-dxy

CrGeTe3 |V | 0.447729 0.216707 0.045947 0.720887 0.055202
CrGeTe3 |Ep − Ed | 0.717856 1.045652 1.118030 0.627825 1.000211

respectively. The dielectric tensor ε can be obtained by the
optical conductivity tensor σ (ω) = ω

4π i [ε(ω) − I], where I
is the unit tensor. We performed the calculations with VASP

along with the WANNIER90 tool to obtain the optical conduc-
tivity tensor σ and the Kerr angle θKerr. The calculated θKerr

as a function of photon energy for TcSiTe3, TcGeSe3, and
TcGeTe3 monolayers is shown in Fig. 5(b). Our calculated
and previous experimental results for Fe metal are also in-
cluded for comparison [39]. It can be seen that a large Kerr
angle θKerr is obtained for TcSiTe3, TcGeSe3, and TcGeTe3

monolayers, particularly for photon energies ω near 1 eV.
The maximal Kerr angle for TcSiTe3, TcGeSe3, and TcGeTe3

monolayers is an order of magnitude larger than that for the
CrGeTe3 monolayer [19] and about five times larger than that
for bulk Fe.

IV. DISCUSSION

How is the enhanced Curie temperature of the TcSiTe3

monolayer to be understood compared with that of the
CrGeTe3 monolayer? According to the superexchange inter-
action [40–42], the FM coupling is expected since the Tc-Te-
Tc and Cr-Te-Cr bond angles are close to 90◦. The indirect FM
coupling between Tc (Cr) atoms is proportional to the direct
AFM coupling between neighboring Tc (Cr) and Te atoms.
The magnitude of this direct AFM coupling can be roughly
estimated as J = |V |2/|Ep − Ed |, where |V | is the hopping
matrix element between p orbitals of Te and d orbitals of
Tc (Cr), and |Ep − Ed | is the energy difference between p
orbitals of Te and d orbitals of Tc (Cr). By using maximally
localized Wannier orbital projections, the dominant hopping
matrix elements |V | and their corresponding energy differ-
ences |Ep − Ed | can be obtained for 2D TcSiTe3 and CrGeTe3,
respectively, as listed in Table II. The results suggest that

the direct AFM coupling for TcSiTe3 is dominated by the
pz orbitals of Te and dz2 and dxy orbitals of Tc. Because
the pz orbitals of Te and dz2 and dxy orbitals of Tc for the
TcSiTe3 monolayer are very close to each other in energy
and at the same time the sufficiently large hoppings exist be-
tween them, a large AFM coupling between Te and Tc atoms
of TcSiTe3 is obtained. Although the hopping parameter is
quite large between the px orbitals of Te and dz2 and dx2−y2

orbitals of Cr for the CrGeTe3 monolayer, because of the large
energy differences among them, the AFM coupling between
Te and Cr atoms is much weaker than that for the TcSiTe3

monolayer.
Are the giant orbital moments in TcSiTe3, TcGeSe3, and

TcGeTe3 monolayers unique? To answer this question, we
study the 2D MGeTe3 monolayers with M = 3d, 4d, 5d tran-
sition metals. The results of the orbital moment and mag-
netocrystalline anisotropy energy are listed in Fig. 6. From
the spin-polarization calculations of these monolayers, only
ten are found to be magnetic, and these magnetic materials
are colored in red for M metals in Fig. 6. Among these
magnetic materials, the largest orbital moment is 0.53μB in
TcGeTe3, which is two times larger than the second largest
orbital moment in CoGeTe3 and about an order of magnitude
larger than the orbital moment in the rest of the 2D materials.
The same unique behavior of Tc is also found in the results
of MAE. As listed in Fig. 6, one may find that among these
2D MGeTe3 materials, 2D TcGeTe3 has an extraordinarily
large MAE.

V. CONCLUSION

Using first-principles calculations, we proposed three sta-
ble 2D Ising-type ferromagnetic semiconductors of TcSiTe3,
TcGeSe3, and TcGeTe3 with high Curie temperatures of
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FIG. 6. Orbital moment (number in the first line, in units of μB) and magnetocrystalline anisotropy energy (number in the second line, in
units of meV) for MGeTe3 (M = 3d, 4d, 5d metals). That the compound MGeTe3 is a magnetic material is indicated by M in red. The MAE
is calculated by the energy difference per M atom between the FMz and FMx configurations.
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538, 212, and 187 K, respectively. Due to large spin-orbit
couplings, the large magnetocrystalline anisotropy energy,
large anomalous Hall conductivity, and large magneto-optical
Kerr effect were found in these intriguing 2D ferromagnetic
semiconductors. Comparing all possible 2D MGeTe3 materi-
als (M = 3d, 4d, 5d transition metals), the unique behavior of
Tc was highlighted by an extraordinarily large orbital moment
near 0.5μB. The large orbital moments were revealed to be
from the comparable crystal fields and electron correlations in
these Tc-based 2D materials. The microscopic mechanism of
the high Curie temperature was also addressed. Our findings
present a series of materials with large spin-orbit coupling
that could have essential implications in designing spintronic
devices for next-generation microelectronics.
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